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Analysis of Seismic Data from the Shumagin Seismic Gap, Alaska

# 14-08-0001-G1981

Geoffrey A. Abers, Klaus H. Jacob
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
The mechanics of rupture on plate boundary faults remain poorly understood, but play a critical 

role in the nucleation and extent of major earthquakes. This is particularly true of subduction 
zones, where little local seismic data exist. The Shumagin network has recorded 10 years of digital 
seismic data within 0-100 km of the main Aleutian interplate thrust, with a variety of types of 
instruments. We analyze here the spatial distribution, mechanisms, and rupture processes of 
small-to-moderate (M<5) earthquakes, by using the local network seismic data. A primary task is 
to use empirical Green's function techniques to remove path effects in waveforms of moderate- 
sized earthquakes, by deconvolving from these seismograms the waveforms of small earthquakes 
from the same location and with the same mechanism. The resulting wavelets reflect the source 
behavior of the larger earthquakes, and can be quantified using a variety of standard measures 
(e.g., seismic moment, radiated seismic energy, duration, directivity, stress drop). We explore 
these measures and their variation between different parts of the main thrust zone, in order to 
document variations in the mechanical behavior of the interplate thrust. We are testing the 
possibility that variations exist between shallow and deep parts of the thrust zone, following the 
suggestion from teleseismic analyses that deeper earthquakes (40-50 km depth) have much higher 
stress drops than shallower events (25-35 km) closer to the trench. As a parallel part of this study, 
we analyze the spatial variability of seismicity and earthquake properties in regions near the main 
interplate thrust zone, in order to gain insight into the stress field at a subduction zone and of 
mechanical differences between the interplate thrust and the surrounding region.

Results
1. A compilation of instrument response characteristics and polarities over time has been 

completed. This information is a necessary first step to quantitative analysis of earthquake size and 
signal frequency content. Previously unknown instrument characteristics were measured during the 
1991 Shumagin field season, estimated from particle-motion studies, or determined from 
laboratory calibrations following the network removal (see report in this volume for cooperative 
agreement # 14-08-0001-A0616, Seismic Monitoring of the Shumagin Seismic Gap, Alaska). 
Some strong differences existed from previously-used, nominal values. Several discrepancies were 
documented in horizontal-component orientation (checked with particle motion analysis), non- 
standard telemetry component gains (checked in laboratory tests, only a problem for two stations), 
and seismometer free periods (nominal 1 Hz instruments exhibited free periods varying from 0.9 
Hz to 1.6Hz). A data-base is nearly completed for the period of digital recording, 1982-1991.

2. Redetermined ray parameters, together with new picks, have been used to determine single- 
event fault plane solutions from Shumagin data. Ray parameters have been redetermined for the 
larger earthquakes using rays traced through a recently-determined laterally-varying velocity 
model, using the exact ray-tracing scheme used in the velocity inversion. Preliminary work has 
been done on shallow upper plate events, which provide evidence on the state of stress in the 
subduction zone and its mode of deformation. Results for upper-plate events (Figure 1) show both 
strike-slip and thrust mechanisms, in all cases with F-axes roughly perpendicular to the direction of 
plate convergence (one M=1.5 normal-faulting event occurred as an aftershock 33 minutes after a 
M=4.6 mainshock, and is not thought to represent long-term tectonic deformation). These 
earthquakes are all less than 20 km deep, and overlie both the interplate thrust zone and the deeper 
part of the descending seismic zone (Figure 1C). These mechanisms suggest that the maximum 
horizontal stress is perpendicular, rather than parallel to the arc in the forearc.



3. Two new methods have been developed for determining source pulses and rupture 
durations from empirical Green's function (EOF) data. The first method is direct inversion of the 
seismogram pairs for source duration. We assume a simple source model, such as a boxcar, ramp, 
or a "Brune" (kte^) source pulse parameterization (Figure 2A), and directly invert seismograms 
for the duration and amplitude of the pulse. Although the Inversion is nonlinear the number of 
parameters being sought is small (one, usually), so fully nonlinear inversions are feasable. These 
inversions directly incorporate estimates of the uncertainties due to the model and due to the 
simplified parameterization, and calculate a posteriori probabilities for all values of source duration. 
The result is a complete nonlinear probability density functioft for source duration, which is used to 
investigate confidence limits (e.g., Figure 2B,C). Because the; number of parameters are very small 
the method is usually robust, and provides a direct estimate of desired measures of the earthquake 
source. The method is being extended to incorporate multiple stations for the same event pair, and 
to determine rupture directivity as well average duration (a thtee parameter problem). The example 
shown in Figure 2 shows ~50% variations in duration between stations for a given rupture model, 
although the variation does not depend on a simple way with either distance or azimuth.

The second method is a time-domain deconvolution of EOF events from seismograms for 
larger earthquakes (Figures 3,4). In this approach the convolution of an EOF with a source pulse 
is directly inverted for the source pulse time series, similar tc least-squares deconvolution methods 
used in seismic reflection processing. An inverse operator is constructed from the EOF 
seismogram, incorporating a priori estimates of uncertainties in the large event seismogram, the 
Green's function, and in the source pulse. The time-domain formalism allows a priori uncertainty 
estimates to be introduced in a natural way, and the strictly linear nature of the problem allows 
reasonable uncertainties and resolution estimates to be made. We find that small amounts of 
stabilization are considerably more effective using this procedure than using frequency-domain 
methods, allowing us to determine source pulses more reliably and for more events.

This approach has been found to be considerably more
errors in the Green's function (i.e., decreasing reliability of tie Green's function with time into the
record. In the synthetic-seismogram example shown on
seismograms is changed by increasing the depth 0.2 km. Increasing phase incoherence with time
in the seismogram is often observed, and usually dealt with

robust with respect to nonstationary

Figure 3, the phase of late arrivals

by careful windowing or selection of
seismogram pairs by ad hoc visual comparisons of coherence. The time-domain inversions are 
able to correctly reproduce the early part of the seismograrft that are not affected by EGF phase 
errors, because inversion for the early part of the seismogratn is to first order independent of the 
later, incoherent part. By contrast, the frequency-domain inversion result is contaminated at all 
times. Similarly, deconvolution "errors" due to seismogram truncation produce relatively larger 
errors in the source pulse for frequency-domain deconvolutions than time-domain deconvolutions, 
even when the otherwise correct Green's function is used.

An example using Shumagin network data is shown in Figure 4. This data is recorded digitally 
at 100 samples per second with 12-bit samples, the sensors have a flat velocity response between 
~1 Hz and 30 Hz. The same pair of events is used as in Figure 2, both aftershocks of a M=4.6 
upper-plate event in May, 1988. Resolution effects are shown by plotting rows of the resolution 
matrix corresponding to three representative times in the source pulse (Figure 4C, E). For the 
single-seismogram inversion the width of the resolution peak is 0.04-0.05 s and the peak becomes 
broader with increasing lag. These peak-widths are a signij leant fraction of the 0.15 s observed 
pulse duration, and suggest that finite resolution width may provide a minimum bound on 
observable source durations. A frequency-domain approach would not improve matters, as low- 
pass filtering and other stabilizers will also limit resolution of the source duration. One way 
around this problem is to invert several seismograms simultaneously for the same event-EGF pair 
(Figures 4D,E); the redundancy introduced here makes the resolution rows much more peak-like, 
at least for small lags. The primary difficulty with this approach is that duration is assumed 
constant at all stations, and directivity effects are ignored. For metrics such as stress drop that 
require a single source duration, the joint inversion probably provides a reasonable estimate.
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Figure 1. Fault-plane solutions for shallow, upper-plate earthquakes in the Shumagin Islands region determined from first 
motions. Fault plane solutions are determined for individual events, using ray parameters determined from exact ray-tracing 
through 3D velocity model. A. Map showing mechanisms and station locations. Fault-plane solutions are plotted as lower- 
hemisphere projections, and radii are scaled to magnitude (magnitudes range from 1.5 to 4.7). B. Location map, Y-X is 
cross-section location. C. Cross-section of seismicity. Depths in km at right. Earthquakes are relocated in 3D model; only 
stable locations are plotted. Fault-plane solutions are plotted in a back-hemisphere projection. Triangles show station loca­ 
tions, projected onto section.
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Figure 2. Single-parameter inversions for source duration. A. Shape of characteristic pulses used; all have 0.25s duration or 
0.125s rise-time. B. Results for deconvolution of EGF for event in 1988 Cluster (Fig. 1A, Fig. 4) vs. distance of station; 
same stations as Fig. 4. Symbols are for different source models: triangle, ramp; square, box; none, "Brune". C. Same as 
B, plotted vs. azimuth to station. Calculation described in text. Errors are one-sigma, calculated from second moment of a 
posteriori probability density functions for pulse duration.
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Figure ^. Tests of empirical Green's function (EGF) deconvolution usirig synthetic seismograms. The true Green's function 
TGF (second record) was calculated as a teleseismic event recorded by Shjumagin network short-period sensors (flat response to 
velocity, 1-30 Hz). The receiver-structure was half-space, assumed source-region structure was 0.5 km thick water-layer over 
half space. Other parameters for TGF: source depth 2.5 km, ray parameter 0.08 s/km (for 30° distance), attenuation parameter 
t*=0.6 s; source duration of 0.01 s; thrust mechanism with 45°-dipping planes striking parallel to ray azimuth. The top seismo- 
gram was generated by convolving the TGF with the source pulse shown third from top. Fourth record is result of time- 
domain deconvolution of the top record from TGF, assuming a priori uncertainties typical of real data. The fifth record is the 
result of doing the same deconvolution by taking the ratio of complex spectra, low-pass filtering the result at 6.25 Hz, 1/4 the 
Nyquist frequency, with a 6-pole Butterworth filter. The bottom two source pulse estimates were made in the same way as the 
fourth and fifth records, except that a perturbed EGF was used. The perturbed EGF was calculated identically to the TGF, ex­ 
cept the source depth was increased by 200 meters, resulting in phase errors at lag times greater than 2.0 s.
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ing source pulse derived by time-domain deconvolution of the seismograms in A; only first second of P is used and signal- 
generated noise is assumed to be 10% of power in signal. C. Three selected rows in the resolution matrix for the inversion 
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Patterns of Slip Distribution at Depth and Stress Transfer Associated with 
Three Sequential Earthquakes Along the Calaveras Fault, California
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The progression of slip and the associated stress field from one fault segment to the 
adjacent segment poses an interesting problem, with wide-ranging implications ranging from 
earthquake prediction to the nature of loading system in the upper crust. Three sequential moderate 
earthquakes, the 1979 Coyote Lake, the 1984 Morgan Hill and the 1988 Alum Rock, along the 
central Calaveras fault in the eastern San Francisco Bay Area (Figure 1) provide a unique 
opportunity to decipher the coseismic evolution of slip distribution and the perturbed stress field 
from one earthquake to the other.

NW SE

M5.1 M&2 
1988 1984

Alum Rock MorganHill

M5.9 
1979

Coyote Lake

Figure 1. Three sequential earthquakes on the central Calaveras fault

We inverted coseismic geodetic data, recorded by the U.S. Geological Survey Network, 
for slip at depth for the Coyote Lake and Morgan Hill earthquakes using a 3-D elastic dislocation 
model in half space. We calculated the stress field corresponding to each displacement field, thus 
describing quantitatively the mechanical process of slip and stress transfer from one segment to the 
next during a given earthquake. The results, summarized in Table 1, are: (1) The average stress 
drops for the Coyote Lake, Morgan Hill and Alum Rock earthquakes are estimated to be 30, 25 
and 15 bars, respectively. (2) The coseismic stresses at the hypocenters of the sequential main 
shocks are 0.1 bar for the Morgan Hill, and 0.5 bar fof the Alum Rock induced by the Coyote 
Lake and the Morgan Hill earthquakes, respectively. These coseismic stress contributions from 
preceding earthquakes on the adjacent segments only account for a few percent of the whole stress 
drops, and are equivalent to the stress accumulation due to the remote tectonic loading (0.1 bar/yr 
based on previous investigations [Li and Rice, 1983; Tse et al., 1985]) in 1 to 5 years. Therefore, 
coseismic stress transfer does not contribute significantly to the whole stress accumulation. It, 
however, can trigger the adjacent earthquakes, in the sense that adjacent earthquakes would have 
occurred at a later time if there was no coseismic stress transfer. (3) The reported recurrence 
intervals for moderate earthquakes along the Coyote Ldke, the Morgan Hill and the Alum Rock 
segments are 82, 73 and 45 years, respectively [Oppenpeimer et al., 1990]. The corresponding



remote tectonic loading contributions, which are simply the product of the recurrence interval and 
the remote tectonic loading rate, are 8.2, 7.3 and 4.5 bars, and account for 27, 29 and 30% of the 
total stress drops, respectively. (4) These results imply that the most significant process of the 
stressing is due to the viscoelastic relaxation of the lithosphere and asthenosphere. Relaxation 
takes place vertically and laterally in such a way that earthquake-generated stress is transferred 
downward and upward as lower lithosphere and asthenosphere relax, and laterally to the adjacent 
segments. A large amount of stress accumulation due to relaxation also implies that the low 
viscosity layer or aseisrnic slip zone may extend up into shallow levels of the crust. (5) The 
average stressing rate, given by the average stress drop over the recurrence interval, is nearly 
constant (0.37 bar/yr for Coyote Lake, 0.34 bar/yr for Morgan Hill, and 0.33 bar/yr for Alum 
Rock). This suggests that the recurrence interval is determined by the stress drop, which is the 
characteristics of the so-called "time predictable model" of Shimazaki and Nakata [1980]. 
Interestingly enough, similar behavior was found for the small earthquakes with magnitudes 
ranging 3 to 4 along a 9-km-long segment of the central Calaveras fault zone [Bufe et al., 1977]. 
A manuscript including these results has been recently submitted to the Journal of Geophysical 
Research.
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Table 1. Stress Decomposition for the 1979 Coyote Lake, 1984 Morgan 
Hill and 1988 Alum Rock Earthquakes

Coyote Lake Morgan Hill Alum Rock 
(1979) (1984) (1988)

recurrence
interval (T-yr) 82 73 45

remote tectonic
loading rate (bar/yr) 0.1 0.1 0.1

average stress
drop (Aa, bar) 30 25 15

remote stress
contribution (bar) 8 - 2 7 - 3 4 - 5

coseismic stress
transfer (bar) - O- 1 °- 5

average stressing
. /A __. JTTl 1 / \ V* * / / V* +J~ \J + *J +Srate (Aa/T, bar/yr)



Investigation of Slip Localization in Large-Displacment Faults 
for Application to Laboratory Fault Modelling
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A set of thin sections have been made from samples of fault rock collected across 
the width of the San Andreas and San Gabriel faults. Results show that the fault zone is 
internally zoned. Fault cores consist of an ultracataclasite layer bounded by zones of 
damaged and brecciated rock. The grain size distribution away from the center of the fault 
is fractal suggesting gouge deformation at that distance is described by a constrained 
comminution model (Sammis et al., 1987). Closer to the core the fractal distribution 
breaks down due to the action of other mechanisms. In the cores, cataclastic and fluid 
assisted processes were significant as shown by pervasive syntectonic alteration of the host 
rock minerals zeolites and clays, and by folded and sheared cross-cutting veins. Total 
volume of veins and neocrystallized material reaches 50% in the fault core, implying 
episodic fracture and healing with time.

These results were presented to the Spring '91 AGU conference in Baltimore 
(Biegel et al, 1991). A fault model incorporating these features was presented at the Fall 
'91, GSA conference in San Diego (Chester et al., 1991) and a manuscript is now in 
preparation.
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Investigations

Our research has focused on extending the Green' s function technique to separate source 
and site spectral characteristics from multiple recordings of moderate-sized earthquakes. 
We have devised and applied a series of inversions to recordings of the aftershocks of the 
1989 Loma Prieta earthquake.

Results

1) The relative site response has been determined as a function of frequency for a set of 
eleven stations in and around the Marina District in San Francisco. The seismic ampli­ 
fication of six stations within the Marina District appears remarkably consistent relative 
to a nearby station at Fort Mason, sited on Franciscan Sandstone. The Marina stations 
exhibit a peak at 1 Hz amplified by a factor of 6-10 and a broad sidelobe at 2-3 Hz 
amplified by a factor of 3-4. two stations sited just outside the Marina on dune sands 
do not exhibit the strong low-frequency peak in amplification.

2) We have devised a new method of empirically determining site response and source 
spectra by fitting Brune models conditioned by a frequency independent Q to the 
recordings, and projecting the residuals on the sites. This analysis has been applied to 
four San Francisco stations using epicentral distances of about 100 km, and four 
accelerograph sites which recorded the Loma Prieta main shock at epicentral distances 
from 2-25 km, by Boatwright, et al. (1991). The absolute site amplifications are fixed 
through frequency-specific geotechnical constraints. The epicentral studies determined 
Q = 380 and 414 for S and P waves, respectively. The stress drops of the 28 after­ 
shocks did not vary as a function of seismic moment for earthquakes with M0 < 1021 
dyne-cm.



I

3) We have extended this spectral inversion technique to analyze the geometrical and an- 
elastic attenuation using a line of stations sited along the axis of the San Francisco 
Peninsula from the Santa Cruz Mountains up to San Francisco. After fitting the 
sources and attenuation, the residuals are projected onto the set of stations and to a 
set of distances, resulting in a map of residual attenuation as a function of distance and 
frequency. The residual attenuation for the P and S waves is surprisingly similar. 
There are a series of troughs and peaks which are reasonably constant over frequencies 
> 5 HZ in the distance range from 30 to 60 km, Which are assumed to represent arri­ 
vals which have been critically refracted from a series of velocity discontinuities from 
10 to 20 km in depth. Then a broad region of relatively little variation extends from 
60 to 90 km at high frequencies; there are some wfcak peaks and holes for frequencies 
< 3 Hz. Finally, there is a strong peak at low frequency (« 1 Hz) at 100 km which is 
at a slightly further distance than a broad amplification at frequencies > 15 Hz, but it 
is unclear whether this high-frequency amplificatioii corresponds to a critically refracted 
arrival or to a frequency dependence of the attenuation.
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Project Summary and Goals

Recent studies have indicated that the spatial distribution of moment release can be 
quite heterogeneous along any particular rupture zone. The most common explanation 
for this heterogeneity has been the rupture of strong patches, or asperities, along the fault 
plane [e.g., Ruff and Kanamori, 1983]. These strong patches could arise from spatial 
variations of the frictional characteristics along the fault or from geometrical barriers 
inherent to the fault's shape. Alternatively, the spatial distribution of moment release 
could have little to do with the physical characteristics of the fault's surface and may be 
related to the dynamics of slip and how regions of the fault interact with neighboring 
regions [e.g., Rundle and Kanamori, 1987; Horowitz and Ruina, 1989].

Distinctions between these two models can not be made from the analysis of single 
events [e.g., Thatcher, 1990]. Conclusive observations can only be drawn from a study of 
the moment-release distribution generated by several great earthquakes, all of which 
rupture the same fault segment. In this context, an excellent region of study is the central 
Aleutian Arc. In 1986, a magnitude 8.0 (Mw) earthquake occurred near the Andreanof
Islands. Its slip distribution, aftershock, and preshock sequence have been described in 
detail in a number of recent studies. Prior to 1986, the central Aleutian Arc was ruptured 
by another great earthquake in 1957 (Mw > 8.5). The 1957 Andreanof Islands
earthquake, however, remains poorly understood. Its seismic moment, slip distribution, 
and rupture area have not been well constrained.

The short time span between the 1957 and 1986 earthquakes provides us with a unique 
opportunity to study a complete seismic cycle bounded by two instrumentally recorded 
great earthquakes. In fact, it represents the only complete seismic cycle instrumentally 
observed along the Aleutian Arc. As briefly described in this annual report, we have 
assembled and begun interpreting observations pertinent to the 1957 earthquake and the 
interseismic period between the 1957 and 1986 events. During the current reporting 
period, we have scanned and relocated all of the seismicity listed in the BCIS and 755 for 
the years 1957 thru 1963, and listed in the ISC for the years 1964 through 1989.

Seismicity Relocations and Magnitudes

Using the slab geometry described by Boyd and Creager [1991] and Creager and Boyd 
[1991] we have calculated P-wave travel-time perturbations to 686 stations as a function 
of epicentral position. The calculated residuals are used directly as epicentrally varying

11



station corrections to generate relocated epicenters without additional ray tracing. We 
use this procedure to relocate all of the shallow seismicity, listed in the BCIS, ISS, and 
ISC bulletins that occurred between 160°W and 175°E longitude between the years 1957 
and 1989.

Travel-time observations for the period between 1957 and 1963 do not exist in 
computer readable format. These observations have been optically scanned and 
reformatted for our analysis. Also magnitudes for many of the events listed in the ISS 
and BCIS bulletins are not known. In order to determine the distribution of earthquake 
sizes, we have determined magnitudes for as many of these events as possible using 
microfilms of the Pasadena seismograms stored at the USGS microfilm archives in 
Denver. Using the standard relationships for magnitude determination, we determined 
Ms using the maximum amplitude on the vertical component of the long-period Benioff 
instrument, for the period range 18 - 22 seconds, and m^ using the maximum amplitude
of the P-wave train (usually within the initial 20 secojids) on the vertical component of 
the short-period Benioff instrument. Discussions on the appropriateness of this 
approached are given by Abe [1981] and Geller [1976].

Our relocated earthquakes form a catalog of 7359 events. Of these 7359 events, 4845 
are well located (i.e., their locational standard errors are less than 25 km). Of the 4845 
well located earthquakes, 4471 have magnitudes. Figure 1 shows a cumulative 
magnitude plot for the entire data set.

Cumulative Events (Any Magnitude; 1957-1989)

Magnitude

Figure 1: Cumulative number of events for the 
entire catalog. All, well located, eivents occurring 
from 1957 through 1989 have been included. Any 
reported magnitude is used. Preference is given
first, however, to reported Ms. 
reported, m^ is used.

If Me is not

Based on this figure, it appears as though our catalog is homogeneous down to 
magnitude 4.5. As shown in Figure 2, however, before the advent of the WWSSN, a

12



higher level of homogeneity is apparent in the data.

10- Cumulative Events (Any Magnitude; 1957-1962)

10'

6 
Magnitude

Figure 2: Cumulative number of events for all, 
well located, events occurring from 1957 through 
1962. Any reported magnitude is used. Preference 
is given first, however, to reported Ms . If Ms is not 
reported, m^ is used. Most magnitudes have been 
determined in this study using records from 
Pasadena.

For this earlier time period, the level of homogeneity appears to be about 5.5.
Figure 3 shows our relocations of the earthquake activity recorded between the 1957 

and 1986 events. All events whose magnitudes are greater than 5.4 and whose depths are 
less than 70 km are plotted. Figure 4 shows our relocations of the seismic activity 
immediately proceeding the 1986 event.

Note that there is an apparent gap in seismicity between the 1957 and 1986 events just 
south of Amilia Island (174.5°W). After the 1986 event this gap is filled with seismicity 
and activity commences north of Amilia Island. We tentatively interpret these 
observations as indicating the region south of Amilia Island, which ruptured during the 
1986 event, did not have a significant amount of slip during the 1957 event. This 
speculation may be confirmed from the anaylis of tsunami observations being undertaken 
by Johnson and Satake [1991].

A preliminary description of the earthquake catalog we have created will be presented 
at the Fall, 1991 AGU meeting in San Francisco [Boyd et al., 1991].
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1957 Event through 1986 Event: M > 5.4 z < 70 km

'80

176'W 168'W

Figure 2: Seismicity occurring between the 1957 
and 1986 events.

Post 1986 Event: M > 5.4 z < 70 km

O

'80 164'*
I76°W !72°W |68"W

Figure 3: Seismicity occurring after the 1986 event.
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Investigations
This research focuses on earthquake hazards in the Pacific Northwest, including large 

scale plate interactions, through the study of regional structure and tectonics. Current 
investigations by our research group include determining the configuration of the subduct­ 
ing Juan de Fuca plate, kinematic modeling of the minimum strain-rate configuration of 
the plate, and determining source moments of local earthquakes.
Deep three-dimensional velocity structure of the Cascadia Subduction zone:

A recently completed doctoral dissertation investigated the large scale velocity struc­ 
ture of the upper mantle (VanDecar, 1991). The findings of this study include the 
identification of a seismically "fast" (3-4% velocity perturbation) planar feature that dips 
steeply to the east (at approximately 60°) with a thickness of 100 km or less. This is 
inferred to be the seismic manifestation of the thermal and compositional anomaly associ­ 
ated with the subducting Juan de Fuca oceanic plate. At shallow depths (less than about 
80 km) this feature is consistent with the projections 1 of models of shallow slab structure. 
The high velocity zone is located at a depth of 100-120 km beneath the Cascade volcanos, 
consistent with other subduction zones. Under central and northern Washington the high 
velocity feature extends to depths of 400 km or more, while beneath southern Washington 
and Oregon, it dies out at much shallower depths. This apparent lack of deep slab material 
in Oregon and southern Washington, when considered with the tectonic history of the 
region and other geophysical observations, is consistent with a deep slab that has torn away 
from the shallow portion of the slab.
Kinematic Modeling:

A recently completed doctoral dissertation on the geometrical configuration of the 
subducting slab flow-field that produces the minimum total strain-rate (Chaio, 1991), 
found that for Cascadia, the proposed arch structure revealed by seismic observations is a 
natural consequence of the subducted slab responding to the concave-oceanward bend of 
the trench. The arch also provides a plausible explanation for the origin of the Olympic 
Mountains accretionary prism in the context of the "critical taper" theory. The concentra­ 
tion of seismicity beneath the Puget Sound area may be the result of bending the already 
arched slab. The computed deformation rate is dominated by N-S compression in the 
Puget Sound area and the peak compressional strain-rate is around 2xlO~ 16 sec" 1 , which is 
comparable to the value estimated from the seismic moment release rate of the last cen­ 
tury. In both the Alaska-Aleutian and NW-Pacific subduction zones, preliminary experi­ 
ments performed also indicate that the predicted arch structures are the natural results of 
slabs subducting in a concave-oceanward trench geometry.
Source moment estimation and magnitude determination through use of S-coda amplitude:

Magnitude determinations using regional and local (mainly vertical component) 
short-period data remain problematical. The most common approach, using S-wave coda 
duration, is subject to noise level variations that compound the inherent difficulty of 
assigning duration times. Signal frequency variations also add considerable problems. We 
have found the machine algorithms to automatically assign coda durations are far from 
satisfactory.
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To alleviate the limitations of the coda duration magnitude, we are developing a 
method to base magnitudes on coda amplitude rather than duration. Using standard coda 
amplitude models based on scattering theory (e.g. Aki and Chouet, 1975), we can relate 
the amplitudes back to the source spectrum and hence directly to moment. Magnitudes 
can then be derived directly from the moment estimates.

We are currently using a single scattering model to source-equalize the coda ampli­ 
tude measurements from a number of stations for each event. We have found that using 
a large number of stations in a least squares estimation results in stable estimates of rela­ 
tive station gains and relative source factors. Source factors estimated in this way are 
linearly related to magnitudes estimated from coda durations. While we could empirically 
estimate magnitudes at this point, we are seeking an improved understanding of the source 
scaling that will allow us to make valid moment measurements using coda amplitudes.

Articles
Lees, J.M. and R.S. Crosson, (in press), Bayesian ART versus conjugate gradient

methods in tomographic seismic imaging: An application at Mount St. Helens,
Washington, AMS-SIAM: Conference on spatial statistics and imaging - June,
1988. 

Ma, Li, R.S. Crosson, and R.S. Ludwin, (submitted), Preliminary Report on Focal
Mechanisms and stress in western Washington, in: USGS Professional Paper
"Assessing and Reducing Earthquake Hazards in the Pacific Northwest") 

Mundal, I., M. Ukawa, and R.S. Crosson, 1991 (in press), Normal and anomalous P
phases from local earthquakes, and slab structure of the Cascadia Subduction
zone, BSSA

Abstracts
Chaio, L.Y., and K.C. Creager, 1991, Geometry and membrane deformation rate of 

the subducted Cascadia slab, EOS, V. 72, #44, p. 314.
VanDecar, J.C., R.S. Crosson, and K.C. Creager, 1990 (in press), Teleseismic travel- 

time inversion for Cascadia subduction zone structure employing three- 
dimensional ray tracing (extended abstract), presented at the XXII General 
Assembly, European Seismological Commission, Barcelona, Spain, Fall, 1990.

VanDecar, J.C., R.S. Crosson, and K.C. Creager, 1991, Inferences on the tectonic 
evolution of deep Cascadia subduction zone structure, Vienna 1991 IUGG meet­ 
ing, IUGG IASPEI Programs and Abstracts, p. 163.

VanDecar, J.C., R.S. Crosson, and K.C. Creager, 1991, Tectonic inferences from the 
three-dimensional upper mantle velocity structure of the Cascadia Subduction 
Zone, EOS, V. 72, # 44, p. 326.

Theses
Chiao, L.Y., 1991, Membrane deformation rate and geometry of subducting slabs, 

Doctoral dissertation, University of Washington Geophysics Program, Seattle WA
VanDecar, J.C., 1991, Upper-mantle structure of the Cascadia Subduction Zone from 

non-linear teleseismic travel-time inversion, Doctoral dissertation, University of 
Washington Geophysics Program, Seattle WA
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Investigations:
1.1 Influence of asperities along subduction interfaces On the stressing and seismicity of 

adjacent areas.
1.2 The effective viscosity of the San Andreas fault beneath the seismogenic zone: Constraints 

from the response to the 1989 Loma Prieta earthquake
1.3 Configuration^ stability of the uniform upward growth of a shear crack along a strike-slip 

fault zone, and sources of spatio-temporally complex slip
1.4 First order perturbation solution for a dynamic planar crack with a non-uniformly moving 

front

Results:
2.1 We have investigated the influence of large-scale fault inhomogeneities, in large 

subduction earthquakes, on the style of deformation and seismic behaviour of the incoming oceanic 
plate and of the slab at intermediate depths during the earthquake cycle (Dmowska and Lovison, 
1991).

The zones of the large subduction events of Rat Islands 1965, Alaska 1964 and Valparaiso 
1985 were searched for earthquakes with m^ > 5.0, if available, and for as long time periods as
possible. It was found that in general the seismicity in the incoming oceanic plate clusters in front 
of asperities (=areas of highest seismic moment release and strongest locking) and is positioned 
relative to them in the direction of plate motion. Our studies had previously shown that the outer- 
rise areas where seismicity clustered, while located near to the asperities, often had small trench- 
parallel offsets from them. However, by considering the direction of plate convergence, we found 
in all cases studied that the trench-parallel offsets were in the same sense as the angle between a 
line perpendicular to the trench and the direction of ocean floor convergence. That is, the active 
areas were located by proceeding oceanward from the asperities approximately along a line aligned 
with the direction of convergence.

Seismicity is usually lacking in areas adjacent to non-asperities, that is to zones that slip during 
the main event but with appreciably smaller seismic moment release, and possibly slip 
seismically/aseismically during the whole cycle. Similar behaviour occurs in the downgoing slab at 
intermediate depths, where seismicity during the cycle clusters (but less strongly than in the 
oceanic crust) next to asperities and downdip from them, at locations oriented approximately along 
the convergence direction. We infer that the locking of asperities causes higher stresses associated 
with the earthquake cycle itself to occur in areas adjacent to asperities, both updip and downdip 
from them along the direction of plate motion, and that such Stressing is much less pronounced in 
the areas adjacent to non-asperities; this is to be a subject of ftiture numerical modeling. The work 
opens the possibility of identifying the areas of highest seismic moment release in future 
subduction earthquakes, and carries implications for where the highest deformation and, possibly, 
precursory phenomena and/or nucleation of a future event might occur.

2.2 Recent geodetic observations (Lisowski et al. abstract, AGU Fall Meeting, 1991) 
indicate that the velocity field at the earth's surface has been perturbed by the Loma Prieta 
earthquake. We (Linker and Rice, 1991) interpret this change: in terms of a model in which 
transient postseismic slip occurs deep in the crust along the Sim Andreas fault beneath the locked, 
or slipped and re-locked, seismogenic portion of the fault zone. In the first 1.3 years since the
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earthquake, as much as 30 mm of fault-trace-parallel postseismic displacement had been observed 
beyond that expected by extrapolation of the previously established secular rate. The majority has 
occurred to the SW of the surface trace of the San Andreas fault, consistent with our model of 
buried postseismic slip on a SW dipping fault.

In our 3D finite element calculations, using ABAQUS, the crust and upper mantle are 
represented by an elastic region. The San Andreas fault is represented by a thin layer in which the 
shallow region is either locked or is slipped coseismically and then re-locked, and the deep 
aseismic region is treated as linear Maxwell viscoelastic. Coseismic slip produces stress 
throughout the body. Given time, the viscoelastic lower portion of the fault shears in response to 
those stresses, producing displacements at the free surface that can be compared to the geodetic 
observations. Comparison of our model prediction to the observed postseismic displacements 
provides a constraint on the ratio of Maxwell relaxation time for material in the deep aseismic 
region of the fault zone and the fault-normal thickness, 1,,/h, but neither quantity can be
constrained independently.

We obtain 0.07 < tjj/h < 0.26 yrs/km, which is consistent with the value determined by Fares
and Rice (abstract T32B-07, AGUFall Meeting, 1988) for their asymmetric model of postseismic 
deformation in Northern California in response to the 1906 earthquake. In their model, h was 
taken to be the vertical thickness of a lower crustal asthenosphere, but our estimate here indicates 
that their crustal asthenosphere might equally well be represented by a horizontal detachment fault
If we assume that postseismic slip has occurred in a 1 km thick fault zone, then using G = 3 x 1010 
Pa and our estimate for t^, we obtain 6 x 1016 < T|eff < 3 x 1017 Pa-sec for the effective viscosity
of material in the deep aseismic region of the fault zone. Previous estimates made for the material 
of the lower crust exceed this range by at least a factor of ten. However, if we accept levels of 
elevated pore pressure compatible with the Lachenbruch and Sass heat flow constraint, then our 
estimate of t^fti is in the range that could plausibly be met by Stesky's (Ph.D., MIT, 1975) and
Blanpied et al.'s (GRL, 1991) lab derived parameters for frictional sliding at elevated temperature.

2.3(a) Plate boundaries and major intraplate fault zones usually do not rupture along their 
entire length in a single great earthquake, but rather fail as quasi-independent fault segments. A 
fundamental question which we are trying to address here, and also in a different way in the study 
described in (b) below, is whether this segmentation is due entirely to nonuniformities along strike 
in fault zone geometry (jogs, offsets), lithology or loading, or whether such tendency for 
segmentation is inherent to the earthquake process and would result even if geometry, material 
properties and loading were uniform along strike. This issue can be addressed for a given class of 
fault models by assuming that there is uniformity in the along-strike direction, devising the solution 
in which the stress and slip distributions along the fault zone vary with depth but not along strike, 
and then examining the configurational stability of that solution. The stability analysis is 
necessarily 3D in character.

Gao, Rice and Lee (1991a,b) have carried it out as summarized here for a highly simplified 
fault model, consisting of an upwardly growing mode HI shear crack along a strike-slip fault zone. 
That is, we modeled the deeper, more stably sliding, portions of the fault zone as a slipping shear 
crack which penetrates upward from depth and is blocked in the lower portions of the seismogenic 
layer. Using a first order perturbation scheme aided by 3D finite element calculations, we analyzed 
whether a perfectly straight crack front, parallel to the Earth's surface, is configurationally stable 
against small perturbations from uniformity in the along-strike direction, i.e., if the crack front will 
tend to remain straight as the crack penetrates upward from depth. It was found that for 
infinitesimal periodic crack-front perturbations with wavelength beyond a critical value, on the 
order of the elastic lithospheric thickness, the stress intensity factor is higher at the most advanced 
portions of the crack front than at the least advanced. The opposite is true at shorter wavelengths. 
This means that the straight crack front is configurationally unstable at long wavelengths when 
resistance to crack growth (fracture toughness) is essentially uniform over the fault plane, i. e., 
uniform with respect to depth as well as along strike. The analysis also shows, however, that an

19



upward gradient in fracture toughness will stabilize the straight crack front configuration to longer 
wavelengths, and that a sufficiently strong gradient may completely stabilize it Such an upward 
gradient might be reasonably assumed within the model for a crack that is penetrating under 
increasing load into the base of the seismogenic zone.

2.3(b) The goal in this phase of the work is also to understand what kinds of fault models do 
or do not allow fie development of spatio-temporally complex slip histories. Work accomplished 
so far (Rice, 1991 a,b) has been on computational analysis of slip on a long vertical strike-slip fault 
between elastically deformable crustal blocks. These are driven such that each point on the fault 
moves, in long-term average, at an imposed "plate" velocity. The analysis is done by rigorously 
incorporating 3D elastic interactions between the slip and stress distributions, through boundary 
integral equation methods based on the Chinnery solution. Rate- and state-dependent friction
applies on the fault surface, and A-B [= Vdtss(V)/dV] varies with depth, in a way specifically 
constrained by data on granite under hydrothermal conditions (Blanpied et al., GRL, 1991), being 
negative in the cool/shallow crust and positive in hot/deeper regions (V = slip speed; TSS = steady 
state frictional strength). At each depth, constitutive properties in the models are either uniform in 
the along-strike direction or are perturbed, sometimes only Slightly, from uniformity. Results thus 
far, from simulations with sufficiently refined grids to approach the continuum limit (which, 
unfortunately, means large and rather slow computations, and which constrains the range of 
characteristic slip distances L for state transitions which can be studied; L = 40 mm was used in the 
studies discussed here), suggest that uniform fault models are remarkably resistant to breakup into 
spatially complex slip patterns along strike.

This is in interesting contrast to the conclusions which o ther investigators have drawn based on
inherently discrete models such as cellular automata models, or spring-block arrays with simplified
classical friction laws. Those inherently discrete models do not realistically incorporate continuum 
elastic interactions of slip and stress distributions and neglect key constitutive features such as slip- 
dependent strength transitions. They have no well defined continuum limit upon reduction of cell 
or grid size, in the sense that the stress or other measure of state in adjacent cells can remain finitely 
different as cell size is reduced arbitrarily. Indeed, our 3D simulations, for runs with 
computational cell sizes that are too large to meet limits for acceptable simulation of a continuum, 
do show complex slip histories suggestive of a self organized critical state, with a spectrum of 
earthquake sizes, aperiodic recurrence, variable rupture area, and with highly variable moment 
release along strike in some large events. For these unaccepfably large cell sizes, one cell can slip 
independently of its neighbors, thus mimicking the propertied of the inherently discrete models.

However, in all cases studied, the spatial complexity in slip history diminishes with cell 
refinement It disappears entirely, in the sense that the same slip variation with depth and time 
occurs at all locations along strike, for cases in which it is feasible to do calculations with cell sizes 
that meet criteria for achieving something close to the continuum limit (i. e., with cell dimension 
small enough that the spring stiffness associated with slip of a single cell in the grid is, say, two or 
more times larger than the critical stiffness (B-A)/L from the rate and state dependent friction law). 
Thus, in these studies, the self organized criticality appears to be a simple numerical artifact of 
strongly oversized cells in the computational model. Some simplified model involving quasi-
independent fault segments may ultimately emerge as a phys cally justified response to the
geometric irregularity of fault zones, but the physics of justifying any such simplification seems 
not yet to have been addressed. \

2.4 Studies here represent a first attempt (Rice, Ben-Zipn and Kim, 1991) to extend to 
elastodynamics some of the static elastic crack front perturbation techniques discussed in item 
2.3(a) above. A half-plane crack propagates nominally in the x direction along the plane y = 0 in 
an unbounded solid. The crack front at time t lies along the arc x = a(z,t) where a(z,t) differs only
slightly from being independent of z and where v(z,t) & 3a/3t differs only slightly from being 
constant in time, allowing analysis in the framework of a first order perturbation. We have 
successfully addressed the problem so far only within a model 3D elastodynamic theory involving
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a single displacement variable u, representing tensile opening or shear slippage, and associated 
tensile or shear stress a = M 3u/dy across planes parallel to the crack (M = elastic modulus). The 
problem is then one of finding a solution to the scalar wave equation c2V2u = 32u/3t2 , satisfying 
the boundary conditions u = 0 on y = 0 ahead of the growing rupture and a = 0 on y = 0 within the
rupture. When a(z,t) = a(t), independent of z, the solutions for u, a and K (stress intensity factor) 
are familiar 2D results.

We have developed the 3D solution only within the small perturbation theory, but we write the 
result in a way which precisely duplicates the exact 2D result even for large perturbations. The 
result thereby obtained for the stress intensity factor K(z,t) at position z along the moving crack
front is ______ 

K(z,t) = Vl-v(z,t)/c K* [ 1 + I(z,t) ] , where

-|z'-z|/ac _i r+oo n = _L pv i
2n J-oo J-

dt,dz,
(z-z')2 Va2c2(t-t')2-(z-z')2

where a2 = l-v2(z,t)/c2 and K* is the K attained when the velocity of a strictly 2D crack is 
suddenly reduced to zero. This solution is being used in continuing studies to address how a crack 
front moves unsteadily through regions of locally variable fracture resistance.
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Investigations Undertaken
Seismograms have been collected for the 1918 San Jacinto and 1923 San 

Bernardino earthquakes along the northern San Jacinto fault zone and for large (M>6.0) 
earthquakes occurring within northern Baja California between 1915 and 1956. Body 
waveforms obtained from the seismograms are modeled to determine the source parameters 
(focal mechanism, focal depth, seismic moment) of the earthquakes. The earthquakes and 
associated foreshocks and aftershocks are also relocated to better determine the rupture 
history of the earthquake sequences. The source parameter information is used to 
determine fault slip rates and the portions of the faults that have been active in historic time. 
The slip rate information will be used to estimate how plate motion is being transferred 
across Baja California to the San Andreas, Imperial, and $an Jacinto fault systems and how 
it may affect the recurrence rates of earthquakes within southern California.

Results Obtained
Research has been completed on two phases of the project. The sources processes 

of three large earthquakes (magnitude 6.8, 6.4, and 6.3) occurring between February 9 and 
15, 1956 along the San Miguel fault in northern Baja California have been determined 
through body waveform inversions (Table 1). Results of the study suggest that the 
mainshock on February 9 was responsible for the 20 km of surface faulting observed 
during the sequence. Although previous researchers had suggested a complex rupture 
history for the mainshock, uncertainty estimates of source-time function shape indicate a 
single or double source model fit the observed waveforms equally well. The February 15 
aftershock, however, appears to have consisted of two events. Locations and focal 
mechanisms obtained for the three events suggest that the rupture process may have been 
controlled by cross faults to the main trace of the San Miguel fault.

Determination of the source parameters for the 1918 and 1923 earthquakes along 
the northern San Jacinto fault has also been completed (Table 1). The 1918 earthquake 
source parameters are consistent with a > 22 km rupture along the Claremont fault at a 
depth of 7±5 km. Limited data for the 1923 earthquake are more consistent with rupture 
along the San Jacinto fault then rupture along the San Andreas fault or a buried cross fault. 
An analysis of the he results of this study and previous studies of historic earthquakes 
along the southern San Jacinto fault shows that rupture lengths along the San Jacinto fault 
system are shorter for an equivalent moment-magnitude than those along the Imperial 
Valley-Mexicali system. The higher heat flow of the the Imperial Valley may be 
responsible for this observed difference. Correspondence between event rupture length 
and the length of fault segments seen at the surface along the San Jacinto fault suggests that 
the rupture length, and hence the magnitude-frequency distribution for larger earthquakes 
of the San Jacinto system is controlled by fault geometry.

Seismograms of the 1954 El Alamo, Baja California sequence have been digitized 
and are currently being analyzed. The collecting of seismograms for the 1915 Cerro Prieto 
and 1934 Calexico sequences is also complete and the seismograms are currently being 
digitized.
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Reports Published
Results of studies of the 1956 San Miguel sequence were presented at a special 

session on historic earthquakes at the spring meeting of the American Geophysical Union. 
A manuscript summarizing the results was also submitted to Pure and Applied Geophysics 
in September, 1991 for a special volume on historic earthquake studies. A manuscript on 
the results of the study of the northern San Jacinto earthquakes and a comparative study of 
source processes along the entire San Jacinto fault zone was submitted to the Bulletin of the 
Seismological Society of America on November 4,1991.

We are planning to submit an abstract on the preliminary studies of the El Alamo 
and Calexico earthquakes for the spring meeting of the Seismological Society of America.
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Table 1 

Source Parameters From Waveform Inversions or Waveform Modeling

Event Mechanism Focal Moment M Rupture
(str, dip,rake) Depth (x!0^5 Length

(km) dyne-cm) (km)

SanJacinto4/21/18
a priori 140140 85±30-170140 8110 915 
final 1501158716 -17619 715 1415 6.8 >22

San Bernardino 7/23/23 
final 32011085110 180110 715 2.610.5 6.3 1414

San Miguel 2/9/56
a priori 11013085130-177140 1215 1216 
final 10818 8813 -17613 1212 1012 6.7 20-25

San Miguel 2/14/56
a priori 11013085130-177140 1215 212 
final 11511986110-178111 1215 2,910.9 6.3 15-20

San Miguel 2/15/56
a priori 13013085115-170130 1015 212 
final 12912284113-170116 914 1.811.6 6.2 3-5#

moment-magnitude 
^average rupture length for each subevent
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Objectives:

Along geologic faults, repeated earthquake instabilities generate wear materials, which result 
in a thickening gouge zone as seismic slip accumulates. Seismologic observations suggest that 
faults may recover in strength during the aseismic period of the earthquake cycle. Field 
observations of fault zones indicate that minerals in the gouge, breccia, and wall rocks can 
participate in complex petrologic reactions which probably affect the mechanical properties of 
the fault as well. The coupled effect of wear processes which occur during slip, and healing 
processes which operate in the interseismic period, may result in variation of seismic stress 
drop and productivity with recurrence time, tectonic environment, and cumulative slip. It is 
important to have a fundamental understanding of the wear and healing mechanisms and their 
relation to fault instability.

Long Term Evolutionary Effects

Evans and Fredrich at M.I.T. have investigated the effect of solution transfer processes on 
strength recovery of granular aggregates. In these tests, a 0.6 mm thick layer of simulated 
quartz gouge with a mean grain size of 3 /mi was sheared betv/een forcing blocks of Sioux 
Quartzite in an internally-heated, gas-medium, servo-controlled deformation apparatus. The 
sample assembly was saturated with water and sheared at temperatures, T,=230+5°C, 
confining pressures, Pc =250 MPa, and pore pressures PIfc0 =75 MPa. In some runs, 
temperature was elevated to a new value, for varying periods of time prior to loading at a 
reduced temperature Tr Thus, the experiments are equivalent to slip-hold-slip experiments, 
except that the hold period occurs at a higher temperature than the slip portion.

The diameter and length of the forcing blocks were 15.9 mm. Pore fluids had access to the 
sample through a hole drilled in the upper forcing block to within 2 mm of the sawcut. Load 
and displacement were measured externally. The axial displacement rate was 28xlO-5 mm per 
second.
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Samples loaded at confining pressures of 250 MPa and pore pressures of 75 MPa at 235° 
without prior healing, slide stably with a shear strength of roughly 180 MPa. Samples slid at 
indentical conditions after being held at an elevated temperature are stronger (i.e. higher initial 
coefficient of friction). These samples exhibit instability with stress drops of 35-100 MPa. The 
peak frictional strength of three samples held for 60 minutes at 636° prior to loading is about 
50MPa greater than that of the unhealed samples. Two samples healed for 60 minutes at 
817±8°C prior to loading were strengthened by 50 and 130 MPa. Whereas a steady-state 
frictional strength is eventually established after the initial stick-slip event in samples healed at 
636°C, samples healed at 817°C stick-slip repeatedly. Experiments in which the time of 
loading is held constant for healed and unhealed samples indicate that the strength recovery is 
not due to increases in the time of stationary contact alone, but that the time of healing is 
important. Experiments in which the healing time is varied indicate that much of the strength 
recovery occurs during the first 60 minutes of healing, as might be predicted on the basis of 
hot isostatic pressing results (e.g., Brantley, PhD. dissertation, Princeton University, 1987; 
Evans and Lockner, 1989).

Scanning electron microscopy (SEM) indicates that sliding in the unhealed samples is 
accompanied by the development of shear zones within the gouge layer. Abundant evidence 
for the activity of solution-transfer processes is observed in the healed samples. Current 
efforts are focused on the quantitative characterization of neck growth and contiguity in the 
healed samples. Additional experiments to determine the effect of fluid pressure, temperature, 
and particle size on the healing behavior are also underway.

In a previous semi-annual report, we discussed strength^ recovery in a series of triaxial 
mechanical tests at temperatures ranging between 700-950°C in faulted samples of Maryland 
diabase. Generation of the melt apparently causes large variations in the effective pressure 
which promote fracturing and rapid migration of the melt [Fredrich and Evans, 1990]. During 
the remainder of the grant period, we plan to prepare two papers discussing both the quartz 
experiments and the diabase results.

Wear Processes and Short Term Evolutionary Effects

Using the conventional triaxial configuration, Wong and coworkers at SUNY, Stony Brook 
are investigating the stabilization of slip by wear processes. In these experiments the 
frictional sliding behavior was monitored as a function of cumulative slip when a simulated 
gouge layer of ultrafine quartz was sheared. In a typical experiment, the sliding behavior 
evolved from dynamic instability to stable sliding through several sequential stages. 
Supercritical oscillations marked the onset of dynamic instability. Tens and sometimes 
hundreds of stick-slip events occurred, while the stress drop amplitude decreased 
monotonically with accumulated slip. The results could be interpreted with a simple wear 
model and allow the estimation of the friction constitutive parameters through the observation 
of the oscillation period as a function of load point velocity. Preliminary results have been 
written and will appear in Wong et al. [1991]. Similar results have also been observed in 
Tennessee sandstone with or without halite gauge . The nonlinear dynamical behavior in the 
transition from stable sliding to cyclic stick-slip in response to load point velocity perturbation 
was also systematically observed. These new results will be presented at the fall AGU meeting
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[Gu and Wong, 1991]. In parallel with the experimental work, we have conducted numerical 
simulation on the dynamics of a single degree of freedom spring-slider system. The effects of 
loading velocity, factional parameters and inertia on the dynamics and recurrence time of 
cyclic stick-slip were investigated. The result were summarized by Gu and Wong [1992]. 
New simulations on the effects of frictional behavior complexity (specifically additional state 
variables and velocity cutoff were also performed. The simulation show good agreement with 
our experimental data on two country rocks (Westerly granite and Tennessee sandstone) and 
two simulated gauges (ultrafine quartz and halite) These results will also be presented in the 
upcoming AGU meeting.
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The USGS Parkfield Dense Seismograph Array (UPSAR)
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Investigations
1.)Operate the 14-station array at Work Ranch near Parkfield, CA.
2.) Organize and maintain data base of waveforms.
3.) Investigate shear wave polarizations.
4.) Array calibration for beamed coda 
Results
1.) UPSAR is a short-baseline array (maximum aperture of  1 km) operating on the 
Work Ranch nearly due West of Gold Hill. Each station has a three-component 
accelerometer and velocity transducer to insure that ground motion from 
microearthquakes as well as damaging temblors can be recorded on scale. New 
software was installed in the data acquisition systems to transmit differences 
between the internal and external clocks from field stations each second to the 
central computer. This improvement provides a means of monitoring the phase-lock 
system that synchronizes the internal clocks to time from the GOES satellite.
2.) Parameters describing each waveform file and ite associated event are stored in a 
new database organized in 21 tables using the SyBase relational database. As of 
Nov. 1991 the data base contained information on more than 3000 events, more than 
893 of which could be correlated with events recorded by one of the microearthquake 
networks in California. The magnitudes range from 0.8 to 7.1 (Loma Prieta) over a 
distance range of 8 km to 100°. Teleseismic body waves,such as a Peruvian deep 
earthquake (Nov., 1990), have also been recorded .
3.) Shear-wave splitting is being investigated with the UPSAR data. Waveform data 
is analyzed using the method of Bowman and Ando {1987) which rotates the 
seismogram along the fast and slow polarization directions, and cross correlates the 
fast shear wave against the slow to compute the delay of the slow shear wave. The 
effectiveness of the procedure is judged by the linearity of the resulting shear pulse 
after removing the delay and rotating back to the original component directions. 
Figure 1 shows a magnitude 2.3 event from Middle Mtn. which is nearly due north of 
UPSAR. It is apparent that the polarization of the synthetic (calculated from the 
focal mechanism) is close to the polarization of the initial S-wave from this event. 
Consequently, either the anisotropy along this path is weak or the fast or slow 
direction coincides with the polarization of the initial shear wave arrival. Events of 
magnitude around 2.0 from different azimuths will be investigated, although 
attenuation appears to be so severe that only events within about 20km of the array 
have impulsive S-waves at the array.
4.) To use UPSAR array data for beamed coda measurements, it is necessary to 
calibrate the array by measuring station delays. In the ideal case, the earth is 
homogeneous and isotropic and seismic waves cross the array as a plane. The set of 
arrival delays measured at all stations can be used to precisely determine the 
azimuth and slowness of the wave. Realistically, the arrival delays can only be used 
to approximate a plane wave, which may have an azimuth and slowness different 
from those given by the local velocity model. In Figure 2, events with various 
azimuths, depths and distances from the array are plotted. The vectors show 
systematic differences between theoretical and measured wave propagation
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directions. The small tangential vectors indicate that there is little lateral 
refraction. For the beamed coda measurements, this information can be used to 
correlate the coda sources with a location.
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Event=334 04.26 p02

Synthetic Data

Figure 1. Displacement traces for a magnitude 2.3 at a distance of 12.9 km. 
Seismograms are plotted to the same scale. Time is noted in seconds. Component 
orientations are given on the right with the degrees pom upward vertical first and 
the compass orientation second. The horizontal projection of the ground 
displacement at each time step (decimated by three) is given in the middle plot with 
its envelope. A slightly expanded segment, which surrounds the 8-wave is in the 
bottom plot to the right and a synthetic computed using the isochron technique 
(Spudicn and Frazer, 1984) is on the left. The focal mechanism determined from 
CALNET data was specifed for the synthetic. Note the similarity in polarization 
directions between the synthetic and the initial polarization of the real data.
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Events for Calibration
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Figure 2. Locations of events with various azimuths, depths and dist­ 
ances from the array. The radial vectors are proportional to the diffe­ 
rence between the theoretical horizontal slowness and the horizontal 
slowness calculated from a least-squares best-fit plane wave fit to the 
wave front. The tangential vectors denote the misfit between the cal­ 
culated azimuth and the azimuth measured from the plane wave.
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Investigations

Maintenance and recording of 397 seismograph stations (512 components) located in Northern California, 
Central California and Yellowstone National Park. Also recording 68 components from other agencies. 
The area covered is from the Oregon border south to Santa Maria and Yellowstone National Park.

Results

1. Site maintenance visits 639

2. Bench Maintenance Repair
A. seismic VCO units 232 
B. summing amplifiers 36 
C. seismic test units 04 
D. VO2H/VO2L VCO units 59 
E. dc-dc converters 09

3. Production/Fabrication
A. J512A VCO units 120
B. J512B VCO units 10
C. summing amplifier units 28
D. dc converter/regulators (J601) 36
E. lithium battery packs 117
F. seismometer housing/cable 72

4. Rehabilitation:
VCO enclosures 52

5. Discriminator repair and tuning (J120) 64

6. Equipment Shipped:
A. J512AVCO's for Cal Tech 50 
B. J512AVCO'sforHVO 10 
B. J601 DC-DC converters for Cal Tech 75 
C. Iceland project (B.Julian)

a. dc-dc converters 14
b. solar panels 17 

D. Jl 10 discriminators to Mount St. Helens Vistor Center 8 
E. J110 discriminators for College of Siskiyou's 2 
D. Seismometer enclosures for (D. Harlow) 6 
E. J512AVCO's for University of Idaho 15 
F. Mt. Pinatobo

a. J512AVCO's 10
b. J110 discriminators 4
c. radio cables 18
d. miscellaneous supplies to install 8 station network. 

G. J512A VCO'S for U.S. Bureau of Mines, Spokane, WA
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7. Completed RFP for "Repair, Modify, Calibrate, and Peform Quality Control Checks on Seismic 
Instruments." Contract was awarded to Don Ritchey & Company.

8. Completed RFP for "Seismic Instrumentation Maintenance" (maintenance of field sites). Contract was 
awarded to Bendix Field Engineering Corporation. A 30 day training period was completed by the 
two seismic field technicians from Bendix.

9. Completed draft on "Tuning Procedures for J120 Discriminators".

10. Ordered and load components for 100 additional J512 VCO's

11. New seismic stations:
JJR (Joaquin Road); LPK (Park); LRB (Red Bank); GRO (Round Mountain); LPG (Panther Gulch); 
LVR (Valentine Ridge); CVPE, CVPN, CVPV (Vollmer Peak); KMHE, KHMN, KHMV (Horse 
Mountain); CSLE, CSLN, CSLV (San Leandro): JCHE, JCHN, JCHV (Cahill Ridge); NHFE, 
NHFN, NHFV (Hamilton Field); KJJ (Johnny Jack Ridge); CPM (Point Molate); NMI (Mare Island)

12. Stations Deleted:
HPR (Peckam Road); HFH (Flint Hills); HKR (Kinkaid Ranch); BSCE, BSCN, BSCV, BSCZ (Stone 
Canyon).

13. Fabricate 256 channel interface for Tustin Digitizer to Cusp.

14. Fabricate 256 channel interface for PC computer system.
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Investigations

This program focuses on the highly active seismic tone between the Pamir and Tien Shan 
mountain belts in Soviet Central Asia. The Garm region is located directly atop the collisional 
boundary between the Indian and Eurasian plates, and is associated with a dense concentration of 
both shallow and intermediate-depth earthquakes. The fundamental aims of this collaborative 
research project with the USSR Academy of Sciences are: (1) to elucidate the structures and pro­ 
cesses involved in active deformation of a complex collisional plate boundary, and (2) to examine 
the temporal variations in seismicity near Garm, in the form of changing spatial, depth, and stress 
distribution of microearthquakes that precede larger events. The seismological data base for this 
study includes the combined resources of the global, regional, and local seismic networks. Geo­ 
logical structures in the Garm region have been studied using compilation of published geological 
information, analysis of satellite imagery, and geological field work in the Peter the First, Gissar, 
and Darvaz mountain ranges near Garm.

Results

Velocity Structure. We have expanded our previous work on crustal velocity structure of the 
Garm region [Hamburger et ai, 199la], with a study of three-dimensional velocity variations in the 
region [Hamburger et al, I99lb]. This expanded study makes use of data from the Soviet Com­ 
plex Seismological Expedition (CSE) network, as well as the USGS/CSE telemetered network 
nested within the CSE network. Our analysis of seismic velocities was limited to a rectangular 
area, 100 km by 80 km, which includes the most active zones of earthquake activity. The ray path 
coverage of the study area limited our analysis to a depth of about 30 km. One- and three-dimen­ 
sional velocity models have been derived for the upper crust of the region using 22,972 P-wave 
arrival times from 2242 local earthquakes recorded at 58 sites. These observations represent less 
than 5% of the earthquake data base and are judged to be the highest quality data available for the 
region. A stochastic (damped) least squares inversion procedure was used to derive the velocity 
models. A large number of initial one-dimensional velocity models with different starting veloci­ 
ties, number of layers, and depth of interfaces were examined. Results for the 1-D inversion 
indicate that the upper crust is best modeled by a four-layer velocity structure. This model features 
a near-surface layer whose thickness ranges from 0-3 km with a velocity of 5.2 km/sec, underlain 
by layers of 5.6 km/sec (1.37 km above S.L. - 4 km depth), 5.87 km/sec (4-20 km depth), and a 
mid-crustal layer having velocity of 6.1 km/sec (20-32 km depth).
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The 1-D model was used as the starting point for the three-dimensional inversion, where each 
layer was divided into 10 by 8 blocks, each with 10 km by 10 km dimensions. The results of this 
inversion, an example of which is shown in Figure 1, indicate a very good correlation between 
velocity variation and the geology and tectonic setting of the region. The general features of the 
model include a zone of high velocity extending in an ENE-WSW direction in the northern part of 
the study area and associated with the crystalline basement rocks of the Tien Shan range, moderate 
velocities associated with the deformed sediments of the Peter the First Range, and a zone of low 
velocities associated with the thickest sediments at the southern edge of the range.

Satellite Imagery Interpretation. We have acquired three scenes of SPOT satellite imagery 
covering the entire region monitored by the Garm network. These data were analyzed using image 
processing equipment at the Lamont-Doherty Geological Observatory of Columbia University. 
This imagery was processed using (1) standard contrast and edge enhancement techniques, and (2) 
rotation and distortion of the imagery to allow it to be superimposed on digital topography. In this 
way, we were able to produce false-color stereo pairs of the processed images that display the full 
3-D relationship of the images to the topography. The processed satellite imagery provided a 
critical data base for completion of a preliminary reconnaissance geologic map of the Peter the First 
Range and adjacent areas. This was particularly useful because of the combination of higher 
resolution of these data (compared to Landsat data used previously), the arid climate of the study 
area, time of year (late fall, when snow and vegetation cover is at a minimum), and the strong 
signature of resistant marker beds that show up in the enhanced images. The processed imagery 
was used to provide base maps for the six-week reconnaissance field work in the Peter the First 
Range (described in the following section).

Geological Structure. Reconnaissance mapping in the Peter the First Range revealed a system 
of previously unrecognized out-of-sequence thrusts that strike at an oblique angle to the mountain 
front (Figure 2). These thrusts are considered "out-of-sequence" because they cut across existing 
fold structures and locally place younger rocks on older rocks. When viewed on the scale of the 
entire Peter the First Range, this thrust system forms an en echelon array that we interpret as a 
consequence of dextral transpression [Pavlis et al, 1991]. This interpretation of a late-stage 
deformation within the interior of the fold-thrust belt-may provide a new explanation of (1) the 
complexity of the structures observed along the axis of the range, (2) the tendency of earthquake 
focal mechanisms to show compression axes at an oblique angle to the fold axes, and (3) the con­ 
centration of seismicity within the axis of the range rather than an the leading edge of the thrust 
system.

Interpretation of imagery in the eastern portion of the Garm region suggests that additional 
complexities may be occurring in that area in response to extreme shortening in the central Peter the 
First Range. Near the site of the area's largest historical earthquake (the 1949 Khait earthquake, 
M=7.5), geomorphic evidence suggests that a major south-vergent backthrust has developed in this 
area. This inferred backthrust may represent an imbricate along a north-dipping thrust that forms 
the southern edge of the Tien Shan system, and may represent a major transfer structure between 
the north-directed thrusts of the Peter the First Range to south-directed thrusts of the Tien Shan 
system.

Stratigraphy. Our geologic work in the Garm region during the summer field season also 
included description and interpretation of lithofacies for Mesozoic and Tertiary strata in the Tien 
Shan, Darvaz, and Peter the First ranges. This work is an important complement to our structural 
work, as a constraint both on the tectonic reconstructions of the area and on the subsurface struc­ 
tural geometries in the region. We were able to collect an extensive sample set of Cretaceous sedi­ 
mentary rocks, in anticipation of a possible provenance study of sandstone and conglomerate beds 
in this interval. The stratigraphic study also included detailed mapping in the Mesozoic volcanic/ 
sedimentary sequence exposed in the Darvaz Range (northern Pamir), the first Western analysis of 
this tectonically important area. Extensive structural work in this area supports our earlier conclu-
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sion [Pavlis and Hamburger, 1990; Hamburger et al., 199Ic] that the contact between Cretaceous 
rocks of the Tadjik Depression and older rocks in the northern Pamir must be a stratigraphic, rather 
than a structural, contact. Any suture between the two blocks must be situated further to the south, 
within the Pamir uplift itself.

Earthquake Prediction Studies. Two main approaches were used to evaluate variations in seis­ 
mic activity of the Garm region: (1) a qualitative approach, involving examination of maps, cross 
sections, space-time plots, and earthquake histograms for the area identified as the rupture area of 
the mainshock; (2) a quantitative approach using counts of Events per unit area and time within the 
seismic network. In the quantitative analysis, the level of seismic activity in small sub-areas is 
measured by a parameter A2, defined as the A value at magnitude 2 in Gutenberg-Richter's magni­ 
tude-frequency relation log N = A - bM. The parameter is calculated by a least-square fit to the 
counts of earthquakes with M > 1.5, judged to be complete throughout the network. The area is 
divided into thirty 12' x 12' cells to provide sufficient numbers of earthquakes per unit time. A2 is 
then calculated for every space-time cell with a time window of 5 years sliding 1 year. We examin­ 
ed 12 mainshocks of M > 5.0. Of these 12, only one event, the M = 6.3 Dzhirgital earthquake of 
26 October 1984, shows clearly defined quiescence prior to the mainshock. Evidence for this 
includes: (1) a well defined change in slope of the cumulative number of earthquakes (Figure \d)\ 
(2) a well defined gap in space-time and magnitude-time plots; (3) a significant decrease (by a 
factor of 45%) in activity level (Figure \b). Three additional events, the earthquakes of 17 January 
1980 (M = 5.2), 6 April 1983 (M = 5.5), and 9 January 1988 (M = 5.3), showed qualitative evi­ 
dence of quiescence. However, none of these mainshocks showed significant changes in A2. One 
possible explanation for this discrepancy is that the area ^ised in calculating A2 is more than an 
order larger than the rupture area of those earthquakes. Thei results of the quantitative analysis also 
show strong spatial variations: the central portion of the study area, which includes the Peter the 
First Range fold-trust belt, shows little long-term variation in seismic activity, the Tien Shan base­ 
ment uplift in the north has a tendency of decreasing activity; and the northeastern part of the study 
area shows increasing activity. The October 1984 earthquake is located near the transition between 
the two tendencies.
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INVESTIGATIONS
Seismotectonic analysis of earthquake data recorded by the CIT/USGS and USC 

networks during the last 15 years in the greater Los Angeles basin. Improve models of the 
velocity structure to obtain more accurate earthquake locations including depth and to 
determine focal mechanisms. Studies of the earthquake potential and the detailed patterns 
of faulting along major faults in the metropolitan area and adjacent regions.

A comprehensive study entitled: The 1988 and 1990 Upland Earthquakes: Left-Lateral 
Faulting Adjacent to the Central Transverse Ranges, was reported on in USGS Open-File 
Report 91-352 and by Hauksson and Jones (1991).

A comprehensive study of the the 1991 (Mj^-5.8) Sierra Madre earthquake in southern 
California is in progress. Below we report some of the preliminary results.

RESULTS
The (ML=5.8) Sierra Madre earthquake of 28 June 1991, occurred 18 km northeast of 

Pasadena at a depth of 12.5 km under the San Gabriel Mountains of the central Transverse 
Ranges (Figure 1). The mainshock focal mechanism, derived from first motion polarities, 
exhibited pure thrust faulting on a plane striking east-northeast and dipping 50° to the north. 
The event appears to have occurred on the Clamshell-Sawpit Canyon fault, an offshoot of 
the Sierra Madre fault system, although because all of the aftershocks are in the depth range 
of 9-14 km, the relation to surface faults can only be hypothesized. The Sierra Madre 
earthquake occurred close to where the east-northeast-striking Clamshell-Sawpit and 
Raymond faults join the Sierra Madre fault from the northeast and southwest, respectively. 
The Clamshell-Sawpit fault has sometimes been interpreted as an extension of the 
Raymond fault.

At least since the 1930's, prior to the occurrence of the mainshock, this region had 
remained quiescent at magnitude 3.0 and greater. The mainshock was followed by an 
aftershock sequence deficient in small earthquakes with 105 recorded aftershocks and a fa- 
value of 0.6. Arrival time data from the mainshock, aftershocks, and two calibration 
blasts, recorded by the Southern California Seismographic Network, were inverted to 
obtain two refined crustal velocity models and station delays. Thirty single-event focal 
mechanisms were determined for aftershocks of M>1.8 (Figure 2). These focal 
mechanisms and the hypocenters of all of the aftershocks outline a complex set of faults. 
The 4 km long fault that caused the mainshock is outlined by several thrust focal 
mechanisms with an east-north-east striking fault plane dipping to the north. To the west, 
another 3 km long fault is outlined by numerous thrust faulting aftershocks with east 
striking nodal planes. These events may be associated with the Sierra Madre fault itself. In 
addition, several strike-slip and normal faulting events occurred between and along the 
edges of these two thrust planes, indicating secondary tear faulting. None of these tear 
faults can be associated with mapped surficial faults. Stress inversion of the focal 
mechanisms shows that the maximum principal stress is horizontal and is rotated 4-8° to the
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west from the ambient stress, which trends north-south. Similar change in stress state was 
also observed following the Whittier Narrows earthquake, suggesting that dynamic loading 
of these faults occurs over a fairly short time scale.
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preferred nodal plane of the mainshock showing the depth distribution of the activity. 
(C) a northeast trending cross section taken parallel to the fault.

41



Sierra Madre Sequence Focal Mechanisms 1991

17'

16'

15' -

14'

(A)
1991/06 M=5.8 

mainahock

d

"

3 KM

2' 118 69' 58' 57'

N-NW

-8

-9 -

-10 -

g-H 1 
Jt

a
& -12 -I

-13 -

-14 -

-15

S-SE 
A'

(B)

1991/06 M=5.6 
mainshock

-8

-9 -

-10 -

-13 -

-14 -

-15

(C)

<$>

o;

012346 012
Distance (km) Distance (km)

Figure. 2. Lower hemisphere focal mechanisms of th^ mainshock and 30 aftershocks. 
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Investigations

A number of recent and historic earthquakes have occurred along the Transverse Ranges, 
causing significant damage to the greater Los Angeles region. Many of the historic events 
occurring in this region have been recorded (locally) by relatively low gain long period and short 
period torsion instruments operated by Caltech (1930 to 1960). Some of the larger events M>5 
can be seen on the (Berkeley Galitzins) regionally while still larger events M>6 can be observed 
teleseismically, (De Bilt ,etc.).

To understand these seismograms or separate propagational distortions from source properties 
is relatively easy at teleseismic distances, but becomes more difficult at regional and local 
distances. Fortunately, the digital systems used in the TERRAscope array provides observations 
that greatly aid in establishing the nature of regional propagation. For example, the wide dynamic 
range allows motions from small events (aftershocks) to be compared with large events at the same 
site even though the motions can be different by several orders of magnitude. Signals at these 
distances have not suffered mantle attenuation and thus the broadband features of this system allow 
us to see obvious propagational effects (headwaves and critical reflections) and detailed source 
characteristics (near-field and source complexity).

The clearest lesson to date from our studies is that events viewed through a short-period Wood- 
Anderson instrument (wa-sp) for similar paths are generally similar over several magnitude units. 
Apparently, the largest asperity dominates the wa.sp response for the larger events. This suggests
that normal scaling laws such as or2, or3, etc. are not very dependable in characterizing 
earthquakes. Secondly, the propagational path is mostly responsible for the seismic signature at 
local and regional distances. Thus, knowledge of local seismicity and an extensive catalog of 
waveform data from known events for comparative analysis becomes essential.

Modeling attempts to date indicate that whole seismograms can be understood at ranges less 
than a few degrees with simple models. At larger ranges, the energy carried by direct S generally 
becomes scattered and difficult to model, presumably caused by shallow earth structure. 
Fortunately, at these larger ranges the mantle headwaves, Pn and Sn, become visible and we 
believe this beginning portion of records (excluding the surface waves) can be used in source 
estimation as demonstrated by our waveform inversion results.

Results

In this summary period three studies will be emphasized; (a) on the complex faulting 
deduced from the broadband modeling of the 28 February 1990 Upland Earthquake (ML = 5.2),
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(b) strong motion and broadband teleseismic analysis of the 1991 Sierra Madre Earthquake, and
(c) source parameters of the Sierra Madre earthquake from regional and local body waves.

The 1990 Upland earthquake was one of the first sizable local events to be recorded 
broadband at Pasadena, where the Green's functions appropriate for the path are known from a 
previous study. The synthetics developed in modeling the 1988 Upland sequence were available 
for use in rapid assessment of the activity. First-motion studies from the Caltech-USGS array data 
gave two solutions for the 1990 main shock based on the choice of regional velocity models. 
Although these focal mechanisms differ by less than 5° in strike and 20° rake, it proved possible to 
further constraint the solution using these derived Greek's functions and a three-component
waveform inversion scheme. We obtain from long-peridd waves a fault-plane solution of 0 =
216°, 8 = 77°, X = 5.0°, MO = 2.5 x 1024 dyne-cm, depth = 6 km, and a source duration 1.2 sec, 
for which the orientation and source depth are in good agreement with the first-motion results of 
Hauksson and Jones (1991). Comparisons of the broadband displacement records with the high- 
pass Wood-Anderson simulations suggests the 1990 earthquake was a complicated event with a 
strong asperity at depth. Double point-source models indicate that about 30 per cent of the moment 
was released from a 9-km deep asperity following the initial source by 0.0 to 0.5 sec. Our best- 
fitting distributed fault model indicates that the timing of our point-source results is feasible 
assuming a reasonable rupture velocity. The rupture initiated at a depth of about 6 km and 
propagated downward on a 3.5 by 3.5 km (length by width) fault. Both the inversion of long- 
period waves and the distributed fault modeling indicate t lat the main shock did not rupture the 
entire depth extent of the fault defined by the aftershock zone. A relatively small asperity (about 
1.0 km 2)with a greater than 1 kbar stress drop control Is the short-period Wood-Anderson 
waveforms. This asperity appears to be located in a region where seismicity shows a bend in the 
fault plane.

Short period and broadband teleseismic waveform data and three-component strong motion 
records were analyzed to obtain the source parameters of the 1991 Sierra Madre earthquake. 
Close-in strong motion velocity records (analyzed from 5 sec to 5 Hz) show two distinct pulses 
about 0.35 sec apart, requiring some rupture complexity. The near-field shear wave displacement 
pulse from this event has a relatively short duration (about 1 sec) for the magnitude of the event, 
requiring a particularly high average stress drop. To further constrain the rupture process, the data 
were used in a finite fault source inversion to determine the temporal and spatial distribution of 
slip. Depth constraints are provided by teleseismic short period and broadband recordings which 
require a centroid depth of 10-11 km. Our inverse modeling results indicate that both data sets can 
be fit with a compact rupture area, about 12km2, southwest and up-dip from the hypocenter. The 
average slip is approximately 50 cm, and the maximum Slip is 120 cm. The seismic moment 
obtained from either of the separate data sets or both sets combined is about 2.8 ± 0.3.X1024 dyne- 
cm and the potency is 0.01 km 3.

We inverted the three-component, long-period data recorded by the TERRAscope array for 
the June 28, 1991 Sierra Madre, California event to determine the seismic moment and source 
orientation of the mainshock (ML = 5.8). Remarkably four of the six stations were located 
159.2±0.7 km from the epicenter. Variations in absolute traveltime were smaller than 2% and 3% 
for Pn and S n , whereas the surface waves displayed greater variation. Similarities in the 
waveforms and the small variance in traveltime suggest that a common Green's function can be 
used to invert the data. We used the whole waveforms excluding the fundamental surface waves at 
the more distant stations to invert for source parameters. The results of the inversion indicated that 
this event is predominantly a thrust type earthquake, Where the strike, rake and dip were 
determined to be 235°, 74° and 50°, respectively. The seismic moment was determined to be 
2.5X1024 dyne-cm. The source duration was found to be about 1.0 seconds by direct 
measurement of the direct S-wave recorded at the Pasadena station (located 20 km from the

44



epicenter). Considering circular rupture and a source time duration of 1 second we obtain a stress 
drop of 460 bars.
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Investigations

1. As part of a cooperative program between the U.S. Geological Survey and the Soviet 
Ministry of Geology, we are conducting a study of stress-induced borehole breakouts in a 4-km- 
deep well at Tyrnauz, USSR, in the Greater Caucasus Mountains. The Tyrnauz well is located 
within a granitic pluton in a region of active north-south crustal shortening associated with the 
collision of the Arabian and Eurasian plates. The goal of this study is to improve our 
understanding of the mechanics of breakout formation and me state of stress in seismically active 
areas.

2. We are initiating (together with Colin Williams of the TJSGS, Menlo Park) a program to make 
measurements of stress orientations and magnitudes, natural fracture and fault orientations, 
permeability, pore pressure and heat flow within and adjacent to the New Madrid Seismic Zone 
(NMSZ). These measurements will be used to evaluate competing theories for the localization of 
seismicity within the NMSZ and provide constraints on the mechanics of intraplate earthquakes. 
We hope to begin this program with a series of stress and heat-flow measurements in up to eight 
1.5- to 2.0-km-deep exploratory oil wells that will be drilled along the southern portion of the 
NMSZ in the next two years. As part of this program, we are currently developing a wireline 
packer system for making in-situ stress measurements usihg the hydraulic fracturing technique. 
Because this wireline system can be used without a drill I rig, the cost of making in-situ stress 
measurements will be substantially reduced from what wbuld be the case if standard drill-pipe- 
deployed packers were used. Depending upon the success of this "holes-of-opportunity" 
measurement program, in fiscal year (FY) 1993 we propose to drill a dedicated scientific drillhole 
directly within the central segment of the NMSZ.

3. We are conducting an experimental study of pressure solution and crack healing under load in 
simple quartz/water systems. These experiments will employ single crystals in well-controlled 
model geometries inside a hydrothermal vessel equipped with an optical observation port. The 
goal of these experiments is to constrain the mechanisms aid kinetics of solution-transport creep 
and fault strengthening and to provide fundamental constraints on processes controlling the 
spatial and temporal evolution of physical properties in the earth (e.g. permeability, seismic 
velocities, and density).

Results

1. In July of this year we conducted a borehole televiewer log in the Tyrnauz well, USSR, 
between the depths of 290 m and 3100 m. This televiewer log, which is being digitally 
processed to create oriented three-dimensional images of the borehole, reveals extensive borehole 
elongation throughout the well in addition to a large number of natural fractures, fault zones and 
dikes. Although the interaction between breakouts and drill-pipe wear in this well is quite
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complex, we are able to unambiguously identify breakouts at a number of depths based upon 
their irregular cross-sectional geometry, bilateral symmetry and discontinuous distribution with 
depth. Unusually high horizontal stresses are indicated in the Tyrnauz well by the development 
of borehole breakouts at depths as shallow as 390 m. Breakouts were observed to terminate at 
natural fractures and dike contacts at some depths, suggesting either localized reductions in stress 
magnitudes and/or increases in rock strength. The direction of the maximum horizontal 
compressive stress, SH, at Tyrnauz is approximately north-south, based upon preliminary 
determinations of breakout azimuths. Most of the natural fractures observed in the televiewer log 
strike sub-parallel to this inferred SH direction and dip steeply to the west. The inferred SH 
azimuth from the Tyrnauz well is parallel to the direction of relative motion between the Arabian 
and Eurasian plates and compares favorably with the NNW-NNE range of P axes from larger 
earthquakes in this region. Analysis and interpretation of these data will continue into FY 1992, 
including an exchange visit by two Soviet scientists to the USGS in Menlo Park early in 1992.

2. During the past six months, we devoted our effort on the New Madrid stress and heat flow 
project to three distinct objectives. First, we followed through with a proposal for hydraulic 
fracturing stress measurements in an approximately 2.7-km-deep hole of opportunity being 
drilled by the Dupont Chemical Company in western Tennessee, on the edge of the Mississippi 
Embayment. Unfortunately, Dupont corporate politics eventually countermanded the initially 
favorable response and our proposal was rejected. Second, we continued our search for holes of 
opportunity within the New Madrid region by contracting with a consulting geologist (Jim Howe 
of Boulder, Colorado) to look for planned or existing drillholes that might serve as platforms for 
stress and heat flow measurements. His efforts led to the successful contact with the oil 
exploration company that will be drilling the array of 1.5- to 2.0-km-deep exploratory oil wells 
referred to above. Mr. Howe was also asked to locate any existing information on stress 
orientations and fluid pressures from wells already drilled in the northern Mississippi 
Embayment. As a result, we now have in hand, or are in the process of obtaining, several 
oriented 4-arm caliper logs and drill stem tests from wells within or close to the NMSZ which 
have been heretofore unavailable. Third, approximately one fourth of the components for the 
wireline packer system have already been designed and purchased using FY 1991 New Madrid 
funds. If funding for the development of this system is continued, we will complete the design, 
construction, and testing of this packer system in FY 1992.

3. We are currently assembling and testing the pressure vessel, furnace, and optical equipment 
to be used in the single-crystal pressure solution and crack-healing experiments. We have just 
hired a full-time research technician to assist with this study and anticipate the initiation of 
experiments during the first half of FY 1992.
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Investigations

1. Late Quaternary movement along the Hat Creek Fault, northeastern 
California .

The Hat Creek fault, located about 30 km north of Lassen Peak, is com­ 
posed of prominent NNW-trending escarpments that offset Quaternary and 
Pliocene volcanic rocks by more than 300 m. This fault, and the nearby 
McArthur, Pittville, and Mayfield faults (Wills, 1991) form an active 
system of normal faults, down-dropped to the west, that is the western­ 
most, and perhaps youngest, expression of Basin and Range normal faulting 
in northeastern California (Fig. 1). The Hat Creek escarpments, or rims, 
which are modified by erosion to a repose angle of about 35°, form the 
eastern side of an asymetric graben, along which the Hat Creek Basalt 
flowed during the Late Pleistocene or Early Holocene (Fig. 1) (Muffler et 
al. , in review) . The most recent slip a]|ong the fault forms a 20-km- 
long, left-stepping scarp as much as 30 4 high cutting the Hat Creek 
Basalt (Fig. 2). Stream gravels, estimated to be no more than 15,000 
years old (Muffler et al., in review), overlie the Hat Creek Basalt and 
were offset as much as 20 m by this youngest faulting. Monoclinal flex­ 
ures with S-shaped axial planes link some of the left-stepping fault 
segments. The average Holocene vertical displacement along the fault has 
been about 2 mm per year, and the existence of this prominent young scarp 
in an area of low modern seismicity suggests that movement has been 
episodic with a periodicity of hundreds, or perhaps thousands of years 
(Muffler et al., 1989).

This study uses field data and mechanical analysis to examine the struc­ 
ture of the Hat Creek fault and to evaluate its earthquake potential. I 
am investigating how a normal fault propagates and develops a surface 
rupture, and how its en echelon segments link to transfer predominantly 
dip-slip displacements. Field work undertaken includes 1:5000 mapping of 
the entire young Hat Creek scarp and detailed 1:1000 scale mapping of 
critical kilometer-long exposures along the scarp, and of the S-shaped 
monoclines at three large left-steps. Analytical work undertaken will 
include 1) mechanical analysis of the surface deformation over a growing 
normal fault and 2) analysis of interactions at left-steps using methods 
of elasticity and fracture mechanics.

cracks2. Field and mechanical study of ground
ML=5.5 and 1983 ML=6. 6 Kaoiki, Hawaii, ea

The Kaoiki seismic zone, a young tectonic

associated with the 1974 
rthquakes .

feature of Mauna Loa vol­
cano, Hawaii, is the site of recurrent mdderate-magnitude earthquakes 
that cause serious damage. Ground rupture zones from the 1983 ML=6.6 
earthquake, the 1974 ML=5.5 earthquake, and an older, undated earth­ 
quake, all trend N48°-N55°E, a direction that is nearly parallel to
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Figure 1. Simplified geologic map 
showing faults and young volcanic 
fields and flows between Lassen Peak 
and Medicine Lake volcano (after 
Wills, 1991} .
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Hat Crack Rim

\ Young Normal Fault Scarp

Figure 2. Sketch map of the Hat 
Creek Fault, showing the older 
escarpments and Late Quaternary 
ground rupture.

(\ HatCrMkRim

\ YoungNormal Fault Scarp

Figure 3. Left-stepping segmentation 
of the young Hat Creek scarp.
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nodal planes of the 1983 and 1974 main shocks' focal mechanisms. 
Individual ruptures consist of arrays of left-stepping, en echelon 
cracks with predominantly opening displacements, which strike roughly 
EW, about 30°-50° clockwise from the overall trend of the zones.

Geologic mapping, field interpretations, and mechanical analysis of 
rock fracture {Jackson et al., 1988) suggest that the 1983 mainshock 
created a new fracture, at least near the earth's surface, rather 
than following the trace of an older fault. The ground cracks are 
part of a large zone of secondary cracking located ahead of the 
parent strike-slip fault, in which stresses generated during 
propagation of the rupture were large relative to the rock strength. 
First motion seismic data, estimation of the seismic moment release, 
and results from the analysis of geodetic data spanning the 1983 
rupture substantiate our field observations that right-lateral 
strike-slip faulting dominated the 1983 mainshock and confirm the 
importance of strike-slip faulting on the SE flank of Mauna Loa.

Results

1. Hat Creek Fault

This project essentially started in September 1991 because I took several 
months maternity leave. Prior to the leaVe, however, I designed and 
contracted for an aerial photo survey of the young scarp that was 
completed in July 1991. The Photogrammetry group in Flagstaff prepared 
two 1:1000 digital topographic base maps of two of the S-shaped 
monoclines from these photographs in August.

I spent nearly 3 weeks in the field, in September 1991. During this 
time, I mapped two-thirds of the young scarp using 1:5000 aerial photog­ 
raphy. The most important results of this mapping are summarized below.

1) The young fault is composed of six several-km-long, left-stepping 
segments (Fig. 2) which offset the Hat Crqek basalt. Some of these fol­ 
low the older rim and others extend past the older escarpments into the 
valley floor. Each of these long segments is composed of two or more 
0.5- to 1 km-long, left-stepping segments, as shown in Figure 3. These 
segments are made up of shorter, left-stepping segments, usually less 
than 100m in length. In this respect, the young scarp shows great simil- 
iarity to the recent Kaoiki ground rupturds (Jackson et al., in review). 
There, a large region of secondary cracking forms a fracture-process zone 
ahead of the tip of the parent fault, through which displacements are 
transmitted from the parent fault to the darth's surface.

2) Along the left-stepping segments, the young fault is expressed as 
variations of three different structures: near vertical cliffs or scarps, 
scarp monoclines of variable amplitude and wavelength, and zones of 
basaltic rubble.

These structures record processes activfe in the development of the 
fault. The cliff-like scarps appear to develop from vertical extension 
cracks that strike parallel to the young fjault. Opening displacements 
dominated the formation of the cracks, an<$ subsequent west-side-down, 
dip-slip displacements created a steep scarp along the crack walls. 
The scarp monoclines appear to develop froim predominantly dip-slip 
displacements in more-or-less intact basalt; flexure of the basalt was 
accomodated in part by slip along columnar joints. More detailed mapping 
is required to determine whether the monoclines grow in height and width
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with repeated episodes of slip or if their shape is determined by the 
length of a particular rupture event. Zones of rubble formed as the host 
basalt was shaken, broken, and oversteepened within the strike 
monoclines. In many localities, all three structures -- cliffs, 
monoclines and rubble -- coexist together.

3) S-shaped monoclines link all scales of the left-stepping segments. 
The most prominent of these -- for example, the monoclines at Murken 
Bench and Bidwell Ranch (Figure 3) -- and their smaller equivalents 
record how dip-slip displacements were transferred along segments at all 
scales. I began 1:1000 scale mapping of these monoclines, this field 
season, but further work is needed to understand the complexity of these 
structures.

This Fall, I began compiling a map of the young scarp at 1:15,000 scale, 
using the new aerial photography with a PG-2 stereoplotter. This map 
shows many detailed structures within the several-km-long segments and is 
permitting me to accurately measure displacements along the young fault.

2. Kaoiki Seismic Zone

I have nearly completed work on a manuscript returned from review by 
Journal of Geophysical Research for minor final revisions. This paper 
describes the structure and propagation paths of the 1974 and 1983 Kaoiki 
ground ruptures, and their relation to the long-term geologic history and 
recent seismicity of Mauna Loa's SE flank. Summaries of the data presented 
in this paper have appeared in previous EQHRP reports. The paper will be 
ready for publication next month when Paul Delaney (U.S.G.S.) and Thora 
Arnadottir (Stanford) complete their analysis of trialteration data spanning 
the 1983 rupture. 20 baselines have deformations that are well-explained by 
a right-lateral strike-slip fault in the vicinity of the mapped rupture.
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Investigation

The 1990 Rudbar-Manjil earthquake, Iran. 

Results

The June 1990 Rudbar earthquake is remarkable in that it was a major strike-slip 
event in a region which is dominated by thrust faults and in which thrusting has been found 
to be the predominant mode of seismicity. The surface fault has been mapped by Berberian 
et al. (1991), and consists of three very steeply dipping en-echelon fault strands with ESE 
strike. The total length of the surface fault amounts to 80 kilometers. The length of the 
individual segments and the amount of displacement increase from the WNW to the ESE. 
Remarkably, there was a vertical displacement of up to a meter with the southside uplifted 
as opposed to a left-lateral displacement of only 60 centimeters. This is at odds with the 
seismic observations which indicate pure left-lateral strike-slip. Also, the fault that 
ruptured did not have any evidence for previous activity Contrary to nearby faults.

1. Body-wave analysis

The waveforms at teleseismic distances look quite complex indicating that the 
rupture consisted of several subevents. The records from various stations for this 
earthquakes show that the rupture started off with a small subevent and that the energy 
release increases towards the end of the rupture. The initial NEIC location for this event 
was off by about 100 kilometers which may be due to misidentification of first arrivals 
because of the very emergent onset of the records.

The body-wave inversion method used here has bpen described in detail in Kikuchi 
and Kanamori (1991). It solves for the spatial and tempoiral distribution of subevents as 
well as for their mechanism by iteration. In this particular inversion the subevents were 
constrained along a fault segment with a strike of 110 degrees and a vertical fault plane. 
We used eight nodes along the fault with a separation of 15 kilometers. The depth of the 
subevents were constrained initially between 5 and 25 kilometers with a separation of 5 
kilometers but on the basis of these earlier inversion runs we constrained the depths 
between 7.5 and 17.5 kilometers. The only constraint on the mechanism of the subevents 
was a double co uple constraint. Because of the gradual build-up of energy release we had 
to impose a time window for the first subevent to occur, but even then, the very first 
beginning of the rupture remains unsolved. The subevent distribution is given in Figure 1 
with the corresponding subevents given in Table 1, and it is clear that the largest energy 
release occurred in the SE part of the fault zone. In order to explain the data we need at 
least four subevents which are all strike-slip but with slight variations in strike. Because of
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the strike-slip mechanism we have several stations which are close to a nodal plane and 
therefore their waveforms are very sensitive to small changes in focal plane parameters. 
We therefore think that these variations in strike are significant. The locations of the 
subevents and their sizes agree well with the surface observations (Berberian et al., 1991). 
There is however no evidence for any significant vertical movement.

The results from our CMT inversion using long-period surface waves agree quite 
well with the body-wave results apart from the dipping secondary fault plane.

2. Discussion

When we compare the results from our body-wave inversion and the observations 
on the surface rupture we can see that there is generally good agreement between the two. 
The increase in moment release towards the east matches the increased fault length and 
offset. This and the variation in strike between the different subevents suggest that the 
observed segmentation of the fault extends to the depth at which most of the seismic energy 
was released. The segmentation on the surface, called Riedel faulting, has been studied 
extensively in sand-box (Naylor et al. 1986) and in the field (e.g. Harding, 1973). Riedel 
faulting is generally associated with a buried wrench fault which imposes movement on the 
overburden. This particular Riedel pattern, generally designated 'R' or synthetic Riedel, is 
characteristic for faults with a very low strain rate or faults in their early stages of 
development. We may therefore expect this kind of source complexity for faults in their 
early stages.
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Table 1

sub-event

1 
2 
3 
4 
Total 
CMT

time after 
JB

4.0 
7.0 
17.5 
25.0

depth

12.5 
15.0 
10.0 
7.5

Moment, 
1025 dyne- 
cm
8.73 
10.40 
46.53 
24.78 
84.89 
120.

strike

281.5 
297.1 
295.5 
130.7 
298.5 
117.4

dip

73.7 
70.8 
81.2 
80.6 
84.1 
89.5

slip

1.8 
7.1 
1.5 
-3.8 
1.3 
-26.5
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Investigation

Mechanism Determination of Local Earthquakes Using Waveform and First-Motion 
Data.

Results

The Pasadena TERRAscope station recorded many small earthquakes around 
Pasadena. The records can be deconvolved into displacement records. We have developed 
a method to use these waveform data to determine the mechanism of small events for which 
first-motion data are incomplete. First-motion data are often incomplete, but they are good 
enough to constrain the range of allowable solutions. In contrast, the waveform data are of 
high-quality, but are not enough to determine the mechanisms uniquely. We can combine 
these two sets of data to determine the mechanisms.

Figure 1 shows the results for the aftershocks of the 1988 Pasadena earthquake.

The P, SV, and SH far field displacements, Ur, UQ and Ufa from a 
double-couple point source are given by

Ur

ue
4npra >SH

(1)

where s(t) and Afo are the unit moment rate function and the seismic moment, respectively.
Here, p, a,and ft are density, P velocity, and S velocity, and R^,R^9 and R$H are P- 
wave, SV-wave and SH-wave radiation patterns, respectively. The radiation patterns are
functions of the fault parameters: dip S, rake A, and strike 0.

Let Up, USYZ, USVR , and U$H be the displacements of the P wave on the 
vertical component, the S V wave on the vertical component, the SV wave on the radial 
component, and the SH wave on the tangential component, respectively, observed at the 
free surface. If we ignore the P-S V conversion at the free surface, then

Ur-Upl(2 cosi0)
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where i0 is the incidence angle.

Although the solution of equation (1) is nonunique, we can determine the range of 
allowable solutions that explain the observed amplitudes and polarities of P, S V, and SH 
waves. Figure 1 shows the loci of the P and T axes (hereafter called the inversion P-T loci) 
of the allowable solutions determined by inverting equation (1). Any solution with a pair
of P and T axes on the loci yields the correct amplitudes and polarities of P, SV and SH
waves.

The first-motion data were analyzed with the proj^ram FPFIT (Reasenberg and 
Oppenheimer, 1985). The program FPFIT uses a grid-search procedure to find a 
mechanism by minimizing the normalized, weighted sum of the discrepancies between the 
observed and theoretical polarity at each station. The program also determines the ranges 
of P and T axes of mechanisms that fit the first-motion d^ta equally well. These ranges, 
here called the first-motion P-T ranges, are shown in Figure 1. Since the quality of the 
first-motion data is limited, the allowable P-T ranges are generally large. Any solution in 
these ranges are considered acceptable. If the inversion P-T loci pass through the first- 
motion P-T ranges, any solution for which the P and T axes lie in the overlapping region 
can satisfy both the first-motion and waveform data. If the inversion P-T loci do not pass 
through the first-motion P-T ranges, we choose a point on the inversion P-T loci that is 
closest to the first-motion P-T ranges. Figure 1 shows the points chosen this way, and the 
resulting solutions (dashed curve); these solutions are compared with those (solid curve) 
picked by FPFIT using the first motion data alone.

These results will be published in a paper by Ma and Kanamori (1991). 
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Research during the current grant year was directed to following problems: (1) the ef­ 
fects of stress redistribution by moderate earthquakes on the spatial distribution of smaller 
earthquakes in the neighborhood, with possible applications to prediction; and (2) modelling 
aftershock decay as a relaxation process, with a comparison of the modified Omori relation 
and the Williams-Watts relaxation function.

Influence of Earthquake-produced Stresses on Seismicity Distribution
The hypothesis tested in this research is that the influence of an earthquake on sub­ 

sequent nearby activity can be quantitatively assessed by examining the modifications of 
the stress field caused by the slip. Specifically, we test whether the seismicity (mostly mi- 
croearthquakes) increases where the earthquake-related stress acts to increase the greatest 
principal stress. We assume that any effect will be independent of the orientation of the 
faults being influenced as long as the contribution to the stress field due to the moderate 
earthquake is not large enough to change the orientation of the faults most likely to slip.

Seventy-six earthquakes with teleseismic body wave magnitudes from 3.9 to 5.7 that 
had been located by the Central Aleutians Seismic Network were selected as the "target 
events". Events with fairly well-determined focal mechanisms were chosen. This is a non- 
trivial criterion for events in the Central Aleutian Islands, for which the distribution of 
seismic stations makes the determination of reliable focal mechanisms of moderate events a 
challenge. A combination of teleseismic and local network first motion polarities was used. 
After an initial determination of best-fitting focal mechanisms, those teleseismic stations for 
which the polarity picks fit fewer than one-half of these mechanisms were eliminated, and the 
mechanisms redetermined. This left an average of 37 first motions per event. A systematic 
search through all strikes, dips and rakes was executed to find the best-fitting mechanism. 
A map of the epicenters and best focal mechanism for a sample of the target events is shown 
in Figure 1.
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Figure 1: Map of the central Aleutian islands with focal mechanisms from some of the target 
events used in this study
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With the focal mechanism determined, the standard equations for the stress components 
due to a double-couple in an infinite elastic medium were used to calculate the static stress 
field associated with each target event.

Time windows defined by 1000 events before and after each target event (about 16 months 
in the CASN catalog) were selected as including a sufficient number to define a spatial 
distribution of seismicity. The spatial ranges were concentric shells 10 km thick, centered 
on the target event. The smallest shell extended from 5 to 15 km; the largest from 75 to 
85 km. The components of the earthquake-generated stress tensor were calculated at each 
hypocenter in the designated distance ranges, and the traction in the direction of the greatest 
principal stress of the ambient regional stress field calculated. In this way, the stress tensor 
was replaced by a single scalar value, the magnitude of this traction.

Figure 2 shows a horizontal slice through the calculated increment to the greatest prin­ 
cipal stress for a typical target event, with some of the surrounding pre- and post-event 
seismicity. The azimuth of the greatest principal stres$ is taken as the direction of the veloc­ 
ity of the Pacific plate relative to the mantle, 30° E, from Minster and Jordan. The plunge 
is assumed to be the orientation of the Wadati-Benicff zone defined by the hypocenters in 
the CASN catalog.

Results of the Investigation to Date. The calculated stresses at hypocenters of the 
surrounding activity before and after each target earthquake were compared by computing 
a t-statistic for each distance range. The t-statistic used in this work is defined by:

4 _ -6 ~~

where fi and f^ are the mean values of the calculated stress changes defined above, evaluated 
at the hypocenters of the events in each shell, before, 1, and after, 2, the target event. N 
and <j are the number of events and the standard deviation of the stress change in each of 
these data sets.

The t-statistics were then compared with synthetic data to evaluate their significance. 
With 76 target events, it was simplest to compare the distribution of observed t-statistics with 
a distribution expected for the null hypothesis, that the earthquake-related stress changes 
have no effect on the subsequent seismicity. Since negative t-statistics would be observed 
if increases in the greatest principal stress caused iricreases in seismicity, the measure of 
significance chosen for this work was the number 01 t-statistics more than one standard 
deviation below zero.

If the t-statistics fit the t-distribution, each one has roughly a 15% chance of being more 
than one a less than zero. Are the t-statistics distributed this way? Since we wish to use

60



10 15 20 25 30 35
East-West Distance (km)

40 45 50

Figure 2: Contribution to the greatest principal stress made by a particular target event, 
a magnitude 4.8 which occurred on August 2nd, 1978. It has a strike slip mechanism. A 
horizontal slice through the stress field has been plotted with seismicity having depths within 
5 km of the target event. Pre-event seismicity is plotted with circles and post event seismicity 
with squares.

61



them to test the hypothesis that the target events are influencing the nearby seismicity, it 
is important to find out what the distributions of t-statistics would be if there was no such 
influence. We generated a synthetic data set that is as realistic as possible, but in which 
there is no influence of the occurrence of target events. In this way, the statistical test can 
be made sensitive to the quantity we most wish to measure.

The times of the target events in the catalog were scrambled, so that each target event 
was given a random time, but kept its the hypocenter location and focal mechanism. In the 
numerical experiment, the seismicity surrounding the synthesized sequence of target events 
was real seismicity in all respects, except there could be no influence of the target upon 
its surrounding seismicity. One hundred sets of synthetic seismicity were generated and 
t-statistics computed assuming the theoretical greatest principal stress direction mentioned 
above, in order to find the probability of a t-statistic being less than -la. The average result 
of these computations showed that the the probability of having a t-statistic significantly 
negative by this measure ranged from 15% to 21% as |the distance went from 5km to 55km. 
These probabilities become distinctly greater than the 15% estimate from theory as the 
distance increased.

Using the binomial theorem and the probability o^ a single t-statistic being less than -a 
as derived from the computations with synthetic data, it is easy to find the likelihood of a 
given number of these t-statistics arising by chance. The numbers of t-statistics more than 
one standard deviation negative and their associated probabilities of arising by chance are 
listed in Table 1.

The result for the distance slice from 15 to 25 km away from the hypocenter is significant 
at the 0.8% level. The t-statistics resulting from changes in spatial distribution of seismicity 
in various distance ranges are expected to show the strongest effects near the target events, 
since the stress pulse is largest there. However, the result for the distance range from 5 to 
15 km, closest to the target event is not at all significant. Several factors may be causing 
this. The source model is not accurate at distances comparable to the source dimension. 
Earthquake location error would blur out any changes in spatial distribution smaller than 
the event-to-event relative location error. If the size of the stress pulse is great enough, 
assumptions made about the principal stress direction being unchanged may be incorrect. 
Several of these factors may be operating here.

All of the above calculations have been repeated for assumed ambient principal stress 
directions at 5° intervals of azimuth and plunge, in ojrder to evaluate the sensitivity of the 
conclusions to this fundamental parameter in the problem. A wide range of principal stress 
directions give essentially the same result.
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T Statistics Found with the Theoretical Principal Stress Direction
Distance Range 
Number of t's <   a 
Random t's <   <r 
Probability of Randomness
Distance Range 
Number of t's <   a 
Random t's <   <r 
Probability of Randomness

5- 15km 
9 

11.6
74%

45-55km 
14 

16.2
67%

15-25km 
21 

13.1
0.8%

55-65km 
13

16.2
77%

25-35km 
15 

14.7 
40%

65-75km 
17 

13.9
14%

35-45km 
11 

14.7
82%

75-85km 
18 

14.9 
15%

Table 1: Information about the distributions of t-statistics computed to compare modeled 
stresses at the hypocenters of seismicity surrounding 76 moderate earthquakes in the Central 
Aleutians. If increases in stress cause increases in seismicity, than the t-statistics should be 
negative. The largest number of strongly negative t-statistics is found for the distance range 
15 to 25 km.

Conclusions. Stress pulses from moderate earthquakes appear to significantly change 
the spatial distribution of nearby seismicity. The effect is most noticeable in the 15-25 km 
range. The ambient maximum principal stress must be fairly uniform, consistant with a 
simple subduction model and the Minster and Jordan velocity. This technique provides 
opportunities to investigate stresses in seisrnically active areas that are not accessible to in- 
situ stress measurements. Since this technique focuses on the spatial and temporal variability 
of the stress field, it compliments the analysis of Gephardt and Forsyth, which determines 
the directions and relative magnitudes of the principal stresses.

Modelling Aftershocks as a Relaxation Process

The spatial and temporal distributions of aftershocks contain information about the 
physical properties of the fault zone, ambient physical conditions, and the nature of the 
earthquake nucleation process. In this study, supportive of our work on seismogenesis in 
subduction zones, the decay of aftershock activity with time after a mainshock is considered 
as a relaxation process. This type of model postulates that the slip during the mainshock 
applies a stress step to unbroken sites on the mainshock rupture surface or in its immediate 
vicinity and that rupture eventually occurs at these sites to produce the aftershocks. The 
sequence may progress because stress is transferred to the remaining "strong points", or
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asperities, or these points may lose strength in a time-dependent manner. The sequence is 
usually considered to have ended when the rate of activity has returned to the long-term 
background rate in the seismic zone, a time that is difficult to fix with confidence for real 
data. The creation of new aftershock sites due, for example, to the action of ambient tectonic 
processes is assumed to be negligible over the duration of the sequence, though the regional 
stresses continue to act.

The physical mechanism by which sequential aftershocks are triggered is not known, but 
seems to involve a combination of the action of the initial stress step on sites with time- 
dependent strength, re-distribution of stress by creep in the weakened portions of the fault, 
and the recovery of strength on the fault surface. The diffusion of pore fluids may play an 
essential role in the process. Whether the aftershocks occur on the same fault surface that 
broke in the mainshock or in newly strained material in a narrow zone on either side of and 
around this surface is not easily resolvable with present seismic data and is not important 
for this discussion.

Because relaxation processes occur in a wide variety of physical systems, a large literature 
exists in which mechanisms by which relaxation occurs and alternate forms of the relaxation 
time function are discussed. Little of this work has been examined for applicability to the 
aftershock problem. In this paper, an alternative to the conventional modified Omori relation 
is examined. The model investigated is the stretched exponential function, also called the 
Williams-Watts relaxation function. The theoretical basis is from work by others using 
continuous-time random walks.

The Stretched Exponential Relaxation Function. The conventional way of mod­ 
eling aftershock decay is by the the modified Omori relation (MOM),

n(t) = , K , , (1) 
v ; (* + C)-P' v '

where n(t) is the rate of occurrence of aftershocks at time, t. This is an empirical extension 
by Utsu of Omori's original form, n(t) = K/t. Ogata developed the widely used algorithm 
for calculating the maximum likelihood estimates of K, p, and c for a given data set. The 
modified Omori relation has been used by many authors to model aftershock sequences, 
and many sequences are described well by it, with a value of p near 1. In recent work, the 
differences in p-values among sequences have been examined in an attempt to relate the rate 
of decay of aftershocks to ambient physical or geological conditions.

Of the forms investigated as alternatives to power law or exponential relaxation, the 
stretched exponential function,

N*(t) = N(Q)exp[(-t/t0 )*],Q <q<l (2)
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emerges as "...a universal function that slow relaxations obey. If the system is driven ... out 
of equilibrium, it returns according to the formula" given in eqn (2) (quoted in Scher, et 
al., Physics Today, January, 1991). N*(t) is the number of "survivors" at time t (unrelaxed 
polarized molecules in a dielectric, oriented magnetic domains, unbroken stressed asperities 
that will produce aftershocks in this study, etc.), starting with N(0) initially. Because this 
form has been found to describe relaxation in a wide variety of physical systems, it seems 
worthwhile to test it for applicability to aftershocks.

We first recast the modified Omori relation slightly to facilitate the comparison with the 
usual formulation of the stretched exponential function. Again, we assume a finite number 
of potential aftershock sites, N(0), are present when the process begins. Write the number 
of aftershock sites that have not yet failed at t (the survivors) in the conventional form for 
a relaxation functon,

^(0=,"(°) (3) 
V ; (l+t/c)*' v '

where c and s are parameters that depend on the physical conditions in the fault zone. Then, 
the cumulative number of events that have occurred up to time £, starting from time Ts , is

N(t\T.) = [N(Q)-N*(t)]-[N(0)-N*(T.] (4)

Ts can, of course, be chosen as 0. 

The rate of occurrence is

n(t) = dN/dt = N(Q)scs (t + c)^s+ll

This is the modified Omori relation, (1), with p = 5 + 1, and K   N(Q)scs . A relation useful 
for generating synthetic sequences is the time to a given cumulative number, with TS = 0:

t = [K~l (l - p)N + c1 -"] 1 -" - c (5) 

For the special case, p = 1, the original Omori relation,

N(t\Ts ) = K[ln(t + c)- ln(Ts + c)].

This case was not considered further.

A problem with the MOM relation that apparently was recognized implicitly by Utsu, 
but which appears to have been ignored in applications, is that if p < 1 (s < 0), the
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cumulative number of aftershocks diverges, so that the total number of aftershocks does not 
approach asymptotically a limiting value at very long times after the mainshock. Values 
of p < 1 (slowly decaying sequences) are found when the MOM relation is fit to real data, 
though values greater than 1 may be more common. An unbounded cumulative number of 
aftershocks contradicts the postulate that a finite number of sites are loaded at the instant 
of the mainshock and that these fail at a decreasing rate to produce a sequence with a finite 
number of aftershocks, toward which the sequence converges more or less slowly. There is 
no problem for p > 1, as NS converges to JV(0) at very long times.

For the stretched exponential, N*(t) is given by equation (2). Then,

N(t\Ts ) = 7V(0)ezp[-Ts /*0 ) 9 ] - exp[-(t/t0)<] (6) 

n(t) = qN(0)t'-l to 9 exp[-(t/t0)']. (7)

This may be put in a form similar to the MOM relation by letting K1 = qN(Q)tQ q and 
p' = 1   #, so that

n(t) = K't-p'exp[-(t/t0) l -p']. (8)

For q = 1, p' = 0, this becomes ordinary exponential decay (Debye relaxation), which has 
also been used to describe aftershock decay (Mogi, 1062). For q close to 0 (p1 close to 
1), this becomes the Omori relation with a large 7V(OJ). Large values of to correspond to 
slowly decaying sequences, for which the MOM p- values are less than 1, but here there is 
no problem with the convergence of the cumulative sequence. The time to occurrence of a 
given cumulative number of aftershocks, comparable to equation (5) is

t = t0 [-ln(l - 7V/7V(0))] 1/9 (9)

C. H. Scholz found for sequences of aftershocks in some laboratory experiments that, when 
he allowed the machine to continue to load the sample after rupture, after a short interval 
of time the cumulative number of events fits equation (6), with q = 0.5 and t0 = 8.2 and 25 
for the two examples he showed. Values of q near 0.5 appear frequently in the sequences of 
natural aftershocks examined in this study.

The time, £Q, is the relaxation time for the overall process and has not yet been related 
to a specific physical mechanism. It is expected that it represents the combined effects 
of the factors mentioned above, stress relaxation, time-dependent shear strength, and fluid 
diffusion, as well as the heterogeneity of the strength distribution. Ambient temperature 
should be an important factor governing this parameter.

Comparative Behavior of the Two Functions. The behavior of the two relaxation 
functions, Equations (2) and (3), is compared in Figure 3, for typical values of the parameters
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Time Dependence of Two Relaxation Functions
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Figure 3: Comparison of the modified Omori function (MOM) and the stretched exponential 
function (STREXP) for a normally decaying sequence (p=l.l, *o = 20) and a rapidly de­ 
caying sequence (p=1.3, t0 = 2) The fraction of events that have not yet occurred is plotted 
against time from the mainshock. The differences are not great until times greater than 
about 20 days are exceeded, for these examples.
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derived from the analysis of real "normally" and rapidly decaying sequences. The MOM p- 
value 1.1 is the mean value for many sequences in southern California and is contrasted 
with a stretched exponential with a relaxation time of 20 days. A rapidly decaying sequence 
is illustrated by p = 1.3, t0 = 2 days. No example ofi a slowly decaying sequence is shown 
because the total number of possible atershocks, A^O), is not defined. The differences during 
the first 10 days are not great; it is the long-time behavior that is most easily distinguishable, 
with the stretched exponential falling off more rapidly for similar early behavior. For the 
rapidly decaying sequences, 92% of the aftershocks have occurred at 100 days by the MOM 
relation, 99.2% by the stretched exponential. For the moderately decaying sequences, 57% 
of the aftershocks have occurred at 100 days by MOM, 85% by the stretched exponential. 
For a slowly decaying sequence, t0   10,000 days, only 15% of the events have occurred at 
100 days. As pointed out above, for p < 1, the MOM relation is not appropriate in principle, 
even though a good fit to a catalog of finite duration can be achieved.

Further comparisons of the two models were carried out by generating time sequences for 
a specified number of events using Equations (5) (Omori) and (9) (stretched exponential). 
Sequences were generated with parameters corresponding to "normal", fast and slow decay 
rates. In each a case, as sequence was first generated based on Equation (5) and then 
modelled by both the modified Omori relation and the stretched exponential. Then values 
of the stretched exponential parameters close to those from the fit to the Omori-generated 
sequence were used to generate a new sequence by Equation (9) and this was modelled by 
the two functions. The total number of events chosen; for each sequence was controlled by 
the requirements that the number be big enough that the numerical fits were sufficiently 
constrained, and that the time to reach the number had to be finite (controlled by MOM 
for fast decay (large p) and STREXP for slow decay (large £0 ))> but not be too short. From 
equation (4) the maximum number of events allowed by the MOM relation, with p > 1, is 
Nmax   cl ~pK/(p   1), for which the time to occurrence is infinite. There is no maximum 
number for p < 1. From equation (9), the time to reach 63.2% of a given A^O) is equal to 
£o, and increases rapidly for larger fractions of A^O).

The value of the Akaike Information Criterion, AIC, (Akaike, 1974) is given for each 
model fit. This measure, which is based on the maximum likelihood value of the fit, is used 
to judge which of two models fits a given data better. The algebraically smaller value is the 
better score. The values used and results of the modelling are given in Table 2.

As seen in Figure 3 and expected from the Shlesinger-Montroll (1984) theory, the biggest 
differences in the two models should be seen at long times after the onset of the sequence. 
The long-time behavior of the interevent times for the synthetic sequences was examined. 
On the basis of this test, it appears practically impossible to distinguish the two models
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Table 2

(1) "normal" decay: total number of events =100. 
MOM input: p=1.05, c=0.03, K=10.1. 

Results of fitting:
MOM: p=1.049, c=0.032, K=10.196, AIC=45.406 

STREXP: q=0.307, *0=25.35, N(0)=103.46, AIC=65.497 
STREXP input: q=0.3, t0=28, N(0)=103 

Results of fitting:
STREXP: q=0.303, *0=30.65, N(0)=103.21, AIC=88.280 

MOM: p=0.917, c=0.00036, K=6.136, AIC=102.318
(2) fast decay: total number of events = 90. 

MOM input: p=1.3, c=0.03, K=10.1. 
Results of fitting:

MOM: p=1.292, c=0.030, K=10.11, AIC=-391.619 
STREXP: q=0.338, t0=l-421, N(0)=90.13, AIC=-360.076 

STREXP input: q=0.34, t0=1.42, N(0)=90.1 
Results of fitting:

STREXP: q=0.334, t0=l-591, N(0)=90.20, AIC=-367.039 
MOM: p=1.060, c=0.00176, K+7.056, AIC=-343.832

(3) slow decay: total number of events = 210. 
MOM input: p=0.75, c=0.03, K=10. 

Results of fitting:
MOM: p=0.752, c=0.040, K=10.13, AIC=652.917 

STREXP: q=0.388, i0=1280.6, N(0)=349.32, AIC=659.977 
STREXP input: q=0.39, t0=1280.6, N(0)=349. 

Results of fitting:
STREXP: q=0.399, t0=H50.0, N(0)=340.48, AIC=675.999 

MOM: p=0.0703, c=0.0014, K=8.080, AIC=677.665.

Table 2: This test shows that the AIC is effective in selecting the model. In every case, the 
better AIC score is for the model by which the time sequence was originally generated. The 
difference is not very large for the slowly decaying case, but is still definite. The first values 
under each result show how well the programs return the known input values, in the absence 
of noise (other than roundoff) in the input time sequence. This comparison shows that the 
Omori p-value and the relaxation time to value for a given sequence are inversely related, as 
expected.
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for the case of slow decay out to 210 events (about 1000 days), as already suggested by 
the similar AIC values in Table 2. There are large differences only in the times to the first 
few events, to about 0.3 days, with the stretched exponential earlier, and also for numbers 
greater than about 300, not shown here, for which the times exceed 3000 days, with the 
stretched exponential later. The first few hours of rr^any aftershock lists are not reliable 
(discussed below) and after eight or nine years, we can expect the seismicity rate to be close 
to that of background, independent of the aftershocks. The interevent times are essentially 
indistinguishable.

The two models are more easily distinguished for the moderate and fast decay cases, as 
expected from the AIC values in Table 2. The good separation at the beginning is not very 
useful because it extends only to the first 15-20 events, less than 0.1 days. The times and 
interevent times are separated by a factor of about 3 in the mid-range of these sequences.

Applications to Some Sequences. The principal objective of this study was to inves­ 
tigate which of the two models fits real data better. Oi*e problem in carrying out such tests 
is the inherent constraint imposed by the quality of earthquake catalogs. A large fraction 
of the total number of aftershocks in a sequence occurs in a relatively short time after the 
mainshock. This is the part of the list of aftershocks that is most likely to be incomplete, 
because of the difficulty of identifying small events in the coda of the mainshock and possible 
limitations on the resources available to the analysts to locate all of the many events.

In many cases, the cumulative number of events starts rather slowly and builds rapidly 
to a level from which it follows a more-or-less smooth curve. A question as yet unresolved is 
whether this behavior is due to missed events in the earliest times, or is a real phenomenon, 
such that aftershocks do start out rather slowly and build up to the rate modelled by relations 
such as those examined here. All that can be said now is that the beginnings of sequences 
often do not fit either of the relations tested here very well.

The maximum likelihood estimates of p', to, and Kf , eqn.(7), from which A^O) may be 
calculated, are found for a given sequence by applying Ogata's algorithm, but with the mod­ 
ified Omori rate function, eqn (1), replaced by n(t) for the stretched exponential function. 
The fit by the stretched exponential function was tested on a number of crustal sequences 
for which the modified Omori parameters had previously been computed. Most of these 
were in southern California. The unpublished data for one Japanese intraplate earthquake 
(Narugo Town, March, 1985) were also used. Sequences were selected for which the catalog 
was considered reliable and for which the modified Omori p-values covered a wide range, 
from 0.71 to 1.8. A variety of tests were performed on these data, the results of which are 
summarized.

The sequences for which results are presented are listed in Table 3. The parameters
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TABLE 3 
The Sequences Tested

Sequence Date and location
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

05/18/40
07/13/86
02/21/73
06/28/66
11/04/49
12/04/48
09/04/81
05/19/40
05/02/83
08/04/85
05/02/83
10/15/79
03/15/79
08/13/78
04/10/47
10/01/87
07/21/52
03/19/54
02/25/80
05/02/49
07/24/47
03/11/33
03/28/85
04/26/81
06/09/80
02/07/87
10/15/79
10/15/79
03/15/46

34.08N
32.98N
34.10N
35.92N
32.20N
33.93N
33.67N
32.73N
36.22N
36.15N
36.22N
32.63N
34.32N
34.35N
34.98N
34.06N
35.00N
33.28N
33.53N
34.02N
34.02N
33.62N
38.89N
33.10N
32.22N
32.39N
32.63N
32.63N
35.73N

116.30W
117.86W
119.00W
120.53W
116.55W
116.50W
119.11W
115.50W
120.32W
120.05W
120.32W
115.33W
116.45W
119.70W
116.55W
118.08W
119.02W
116.18W
116.55W
115.68W
116.5 W
117.97W
140.71E
115.63W
114.98W
115.31W
115.33W
115.33W
118.06W

MAG
5.4
5.4
5.5
5.6
5.7
6.0
5.3
6.9
6.5
5.8
6.5
6.6
5.2
5.1
6.2
6.0
7.7
6.2
5.5
5.9
5.5
6.3
4.7
5.7
6.1
5.4
6.6
6.6
6.3

MMIN
3.5
2.2
2.8
3.6
3.1
2.8
1.9
3.5
3.1
2.2
3.1
2.9
2.2
2
3

1.8
4

3.3
2.1
3

2.7
4
2

2.6
3

2.4
2.9
2.9
3.5

Nmin
42

1248
16
12
29
94
157
34

269
193
184
23

323
229
124
197
224
80
58
107
79
132
68
62
32
65

393
360
95

tend
110.2
501.3
23.4
4.3
10.3

663.9
182.3

19
773.5
24.7
76.8
25
509

149.7
443.1
35.8

3329.2
72

157.9
183

125.4
2525.6

93
7.1
14.9
54.9
466.
466.
418.

Table 3: Date, epicentral coordinates, and magnitude are for the mainshock. Mmm is the 
minimum magnitude chosen for completeness of the catalog; Nmin, the number of aftershocks 
retained at this minimum magnitude, tend is the time, in days, from the mainshock to the 
end of the data set, at the minimum magnitude. The sequences are arranged in order of 
increasing Omori p-value (see Table 2). All sequences except No. 23 (Narugo Town, Japan) 
occurred in southern California. No. 9 and No. 11 are the Coalinga sequence, with No.
11 truncated at an earlier end-time. No. 27 is the Imperial Valley sequence of 1979; No.
12 and No. 28 are geographical subsets, as explained in Kisslinger and Jones (1991), where 
additional details on all of these sequences (except No. 23) are given.
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TABLE 4 

Modified Omori p-values and Stretched Exponential Parameters for TS = 0

Sequence
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

PMOM
0
0.
0.
0.
0.
0
0.
0
0.
0.
1.
1.
1.
1.
1
1.
1.
1.
1.
1.
1.
1.
1
1
1.
1.
1.
1
1.

.71
737
772
826
884
.93
937
.94
953
984
039
019
024
041
.05
099
107
119
121
174
208
282
.27
.45
495
518
686
.74
812

0.
0.
0.
0
0.
0.
0.
0.
0.
0.
0
0.
0.
0.
0
0.
0.
0.
0.
0.
0.

q
712
486
395
.32
419
333
418
404
327
507
.41
395
398
378
.32
428
339
357
336
603
465

0.29
0.
0.
0
0.
0.
0.
0.

403
588
.56
502
403
398
552

to
23.19
248
32.1
303
3.94
61.18
20
8.5
68
4.01
6.8
2.69
25.67
6.61
15.78
1.69
27.12
1.21
4.9
15.67
5.91
6.62
1.4
0.61
1.39
1.62
1.06
0.997
11.52

N(0)
44.13
1652.39
27.29
53
37.4

105.55
170.71
45.35
302

209.93
197.26
25.26
335.57
238.21
131.15
202

225.37
81.15
60.43
108.2
80.28
132.58
68.3
62.9
32.25
65.19
393
360
95.07

AICMOM
117.27

-1781.89
18.C9
-23

-64.79
137.7

-156.29
-49.05
-149.1
-859.3
-625.87
f\^ /* o
-Z / *Do

-494.57
-841.02
-149.75
-1137.8
-62.24
-370.46
-102.78
27.83
-93.68
-317.03
-252.58
-320.99
-62.61
-207.8
-3064
-2806
-4.05

AICSTR
111.68

-1774.04
19.2

-21.32
-61.2
147.41
-148.3
-42.72
-109.68
-840.16
-596.77
-23.39
-463.66
-802.46
-120.99
-1107.81
-56.66
-352.99
-81.54
26.01
-81.68
-245.43
-234.36
-310.54
-60.11
-192.17
-2879
-2610
21.2

N(0)/N
1
1
1
4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

.05

.32

.71

.42

.29

.12

.09

.33

.12

.09

.07

.10

.04

.04

.06

.03

.01

.01

.04

.01

.02

.00

.00

.01

.01

.00

.00

.00

.00

tend/io
4.75
2.02
0.73
0.01
2.61
10.86
9.11
2.24
11.37
6.17
11.30
9.29
19.83
22.65
28.08
21.17
122.76
59.50
32.22
11.68
21.22
381.52
66.43
11.69
10.76
33.86
439.58
467.36
36.28

Table 4: Sequence numbers are from Table 3, PMOM are Omori p-values, q, to, N(Q) are 
the parameters in the stretched exponential function, (2), AICMOM and AICSTR are the 
Akaike Information Criterion values for the two fits to the data set, Nmin and tend are from 
Table 3.
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TABLE 5 

Modified Omori p-values and Stretched Exponential Parameters for TS > 0

Seq
3
4
5
6
16
17
18
20
21
23

Ts PMOM
0.051
0.006
0.019
0.044
0.090
0.326
0.088
0.322
0.037
0.026

0.90
0.65
0.88
0.93
1.09
1.27
1.20
1.53
1.24
1.30

(0.77)
(0.83)
(0.88)
(0.93)
(1.10)
(1.17)
(1.12)
(1.17)
(1.21)
(1.27)

q
0.453
0.384
0.274
0.211
0.384
0.229
0.179
0.610
0.342
0.221

*o
44.0

10E07
100.0
220.0
2.57
7.88
0.20
16.46
3.97
0.21

N(0)
26.94
2736.
74.25
150.5
185.5
302.3
134.6
103.3
95.0
109.6

AICMOM
35.3
4.04
-21.3
213.5
-375.2
280.3
-40.2
98.2
-56.0
-132.7

AICSTR
36.1
4.02
-20.9
213.3
-378.3
290.4
-40.5
93.0
-53.6
-130.8

Comments

two models almost identical
to not well-determined
STR fit good, back to t=0.

no improvement over Ts=0

neither model is a good fit

for the two models are listed in Table 4 for TS   0. The sequences are listed in the order 
of increasing Omori p-value. In all but two of the cases, the MOM fit scores better than 
the stretched exponential, implying a better overall fit to the data. Further investigation 
revealed some factors that contribute to this result. Visual examination of plots of the data, 
and the two fits shows that the stretched exponential often fits the beginning of a sequence 
poorly. Although the time duration of the misfitted segments is short, a relatively large 
fraction of the events occur during this interval, so the effect on the AIC value is large. The 
modified Omori relation can adjust for unreliable data at the earliest times by the parameter 
c; the stretched exponential has no corresponding parameter. It was deemed undesirable to 
introduce an artificial fourth parameter into the stretched exponential, thereby destroying 
the clear physical interpretation of the parameters, so an alternative way of compensating 
for missing events during the initial, very active interval was tested.

A start time, TS, was picked subjectively from a plot of cumulative number of events vs. 
time on which the MOM and stretched exponential fits for TS = 0 were superimposed. In 
general, the time was picked for which the trend of the data changed from a steeply rising, 
often concave upward growth curve to a more smoothly decaying rate of occurrence. In all 
cases, the times picked were short relative to the total duraton of the sequence, from about 
15 minutes to 2.5 hours. As shown in Table 5, the stretched exponential fit improved much 
more than to MOM with these later start times, and was superior in half of the ten cases.

For some slowly decaying sequences the best stretched exponential fit was for to tending 
to infinity (the calculation was stopped at t0 = 107 ). -/V(O) became correspondingly large, 
and the resulting fit was indistinguishable from the MOM fit (eqn (7)). The explanation
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of this class of sequences was found in the long-time behavior of the mean interevent time. 
For those sequences with a finite to? the mean interevent time is seen to grow without limit 
up to the end of the data set. For those sequences for which to tends to infinity, the mean 
interevent time levels off, or increases at a decreasing rate, before the end of the catalog. 
The observation that a bounded mean interevent time corresponds to a power-law relaxation 
function, while mean interevent times that are unbounded at long times lead to a stretched 
exponential function with a finite to? is in accord with the theoretical results of Shlesinger 
and Montroll.

The question remains in each case whether the trend of the long-time mean interevent 
time is a true property of the sequence or an effect of the catalog of events. The examination 
of more well-documented sequences should lead to a resolution of this question. A possible 
explanation is that by the end of the data set, the rate of aftershock activity has decayed to, 
or is approaching, the normal rate of background seismicity in the particular seismic zone. 
If so, the levelling off to a finite mean interevent time is what would be expected.

Conclusions. From tests on a small number of sequences, some preliminary conclusions 
are:

1) The exponent q in the stretched exponential form is close to 0.4 for many of the 
cases. This value should be directly related to the lorig-time behavior of the pausing time 
distribution of aftershocks.

2) The process relaxation time, t0 , tends to be inversely related to the Omori p-value for 
a given sequence. Because the relaxation time has a definite physical meaning, even though 
the governing physics of the aftershock process is not yet well understood, the determination 
of this parameter as a descriptor of sequence decay should be useful in relating the temporal 
behavior of the process to fault zone properties and ambient conditions in the neighborhood 
of the hypocenters.

3) The apparent preference of many of the sequences tested for the power law decay may 
be the result of inadequacy of the list of events in the early part of the sequences. The choice 
of a starting time for the sequence is important, because there is no adjustable parameter 
in the stretched exponential form that can compensate for events missing fromthe catalog 
during the earliest times, 15 minutes to 2 hours for the cases analyzed.

4) The difference between the two models becomes important only at long times. Robust 
tests of the superiority of one or the other can only be tnade on long sequences with reliable 
listing of late aftershocks. The absolute time to make ja sequence long depends on whether 
the decay is fast or slow. One measure is whether time length of the catalog is long compared 
to t0 in the stretched exponential model. The preference for an Omori relation fit or the
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stretched exponential appears to be determined by the long-time behavior of the mean 
interevent time, and for the few examples is in accord with the Shlesinger-Montroll theory.

5) The stretched exponential has one obvious advantage: it eliminates the divergence of 
the aftershock series for slowly decaying sequences.

6) The ratio of A^O) to the observed total number of aftershocks approaches 1 for times 
long compared to to. This property may be useful for predicting or detecting the end of a 
sequence.

7) The stretched exponential function merits further testing as a model for aftershock 
decay because of its demonstrated utility in describing relaxation in other, unrelated, physical 
systems. If more work shows that it is a satisfactory model, aftershock occurrence would be 
more clearly associated with a broad class of thoroughly studied physical phenomena.
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LOMA PRIETA AFTERSHOCKS: 
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Project Description

This project involved the analysis of the Loma Prieta aftershock sequence as 
recorded by CALNET and portable local stations in the two months following the 18 Oct 
(UTC) mainshock. The approach to be used was an application of the joint 
hypocenter/velocity structure estimation method as implemented in 3-D by Michelini 
and McEvilly (1991) for studies at Parkfield. The goal was the estimation of the three- 
dimensional P- and S-wave velocity structure in the aftershock zone of the Loma Prieta 
earthquake sequence.

The LP earthquake occurred at the end of the southeastern rupture segment of the 
great 1906 earthquake, and at the final transition northwestward from the central 
creeping section of the San Andreas fault (SAP) to the locked 1906 segment. We are, 
therefore, able to investigate, qualitatively at this stage, several aspects of the 
earthquake process, including the nature and location of the asperity responsible for the 
1989 earthquake, quasi-static loading of this asperity by the arrest of stable sliding, 
arrest of the dynamic rupture of the 1906 earthquake, and the interrelationships 
between these processes in determining the rupture characteristics of the earthquake.

The intense pre-main-shock seismicity of the creeping section in the southeastern 
part of our model volume and the many aftershocks of the 1989 earthquake that occurred 
in the central and northwestern part, together with the relatively dense regional 
seismographic network provide abundant data with which to constrain the three- 
dimensional P-velocity model. In particular, seismicity on the Sargent fault and on the 
dipping aftershock plane provide a three-dimensional source distribution.

Project Accomplishments (through 30June91)

Inversion details

The three-dimensional tomographic inversion 
the crustal velocity model for Loma Prieta are de 
1991 and Michelini, 1991. The inversion used 
earthquakes, aftershocks and pre-mainshock '

54l>2

method and the data used in deriving 
cribed in Michelini and McEvilly, 

P-wave arrival times from 173 
background' events recorded at a minimum

76



of 25 and 30 local stations, respectively, of the USGS CALNET central California 
network. We estimate the accuracy of these well-recorded P-wave onsets to be ±0.02 
sec. The starting model for the 3-D inversion was a 1-D inversion result using the 
linear B-splines method of Thurber (1983), a model which yielded a weighted RMS 
residual of 0.236 sec.

The model is discretized in the 9x11x6-point (XxYxZ), 596-node grid shown in 
Figure 1. Node spacings are 3, 7, and 3 km, respectively, in the X, Y, and Z directions. 
The XY coordinate system is rotated 45° counterclockwise, aligned approximately along 
the SAF trace. Figure 1 also shows the 173 earthquakes and the stations used in the 
velocity inversion. After seven iterations the final 3-D model yields a weighted RMS 
residual of 0.092 sec. The stability of the inversion was demonstrated by Michelini 
(1991) through the use of a number of grid geometries which produced very similar 
models. In addition, the local quality of the inversion can be incorporated into the 
displays of the velocities by superposition of the spread function to show resolution 
throughout the model space. Interpretations are conservatively based on the well- 
determined aspects of the model.

More than 700 earthquakes (background seismicity events and aftershocks) in the 
Loma Prieta region were relocated with the 3-D model determined from the 
simultaneous inversion exercise. Figure 2 presents the full data set of relocated 
hypocenters which lie within the model volume. This rotated X-Y (NE-NW) position 
convention is used in this work, for simplicity and consistency in viewing specific 
features of the model or the seismicity.

The velocity model

The three-dimensional P velocity model is shown in map view in Figure 3 for 
several depths. Figures 4 and 5 are across-strike (southwest-northeast) and along- 
strike (southeast-northwest) depth sections through the velocity model at specified y 
and x values, respectively. The hypocenters shown on Figures 3 - 5 are projected on to 
the planes of section as described in the individual figure captions. The good correlation 
of the near-surface features of the velocity model with the surface geology allows us to 
extend our interpretation to the well-resolved parts of the model at depth with a high 
degree of confidence. To do this we identify the major subsurface geological contacts by 
comparing the three-dimensional model with published seismic refraction models. We 
also make use of published laboratory velocity versus pressure and velocity versus 
temperature data for specific Franciscan and Gabilan rocks, and for other rocks that are 
thought to be representative of possible constituents of the central California Coast 
Ranges. These laboratory data are converted to velocity-depth profiles assuming 
hydrostatic overburden pressure and SAF geotherm "A" of Lachenbruch and Sass 
(1973), which are then compared with profiles through the model at various locations.

Apart from the major surface-outcropping units described thus far, the most 
striking feature imaged by the three-dimensional model is the large, southeast- 
northwest elongated dome of high velocity rock protruding from below to depths as 
shallow as 7-8 km within the southwestern two-thirds of the model (Figures 3 and 4). 
Perhaps the most clear view of this high-velocity rock mass is on the longitudinal 
cross-section at x= 0.6 km, shown in Figure 5. A high-velocity body was also imaged in 
this vicinity by Michael and Eberhart-Phillips (1991). At depths greater than 8 km, 
the body extends to the northeast, crossing beneath the trace of the SAF. Profiles in 
Figure 4 southwest of the SAF and to the northeast show that the well-resolved velocities 
within this body are much too high for both granite and Franciscan rocks. We can assert
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with confidence the existence of this high-velocity rock mass at depths as shallow as 7- 
8 km. A clue to the composition of the high velocity body may be provided by surface 
geology and magnetic data. The only outcrop of basement rocks between the Zayante- 
Vergeles and San Andreas faults is not Salinian basement but is a 0.5 to 1 km wide 
outcrop of hornblende and anorthositic gabbro on the southwest side of the SAP near 
Logan. This Logan gabbro body was originally identified as a fault sliver that is 
correlative with a sliver of similar composition to the southwest at Gold Hill, near 
Cholame (Ross, 1970), on the Parkfield segment of the SAP.

In summary, the three-dimensional velocity model images a rock mass having 
anomalously high velocity in the mid and upper crust that apparently underlies both the 
Salinian and Franciscan basements within the hypocentral zone of the Loma Prieta 
earthquake. This body is seen in the upper, middle and probably in the lower crust in a 
regional tomographic model and its existence, at least southwest of the SAP, is also 
suggested by magnetic and gravity data. The origin and full extent of the body are not 
constrained by our model nor is the body well resolved by the regional model. Present 
evidence favors this massive body being an up-thrust section of sub-basement rock. The 
rather tenuous link between the buried high-velocity body and the unusual outcrop of 
gabbro southeast of Logan suggests that it may be composed of gabbro, in which case it 
may be of similar composition to the sub-basement underlying the Franciscan 
assemblage. The velocity model also allows a Variety of alternative explanations, 
including an intrusive body. This massive body abpears to play an important role in 
dictating the mode of strain release within the southern Santa Cruz Mountains segment of 
the SAFZ. Our present lack of knowledge of the origin and composition of the high- 
velocity body notwithstanding, we are able to build a picture of how the fault zone 
behavior is controlled in this segment by along-strike changes in lithology.

Aftershock distribution

The velocity model covers the final transition from the central creeping section of 
the SAFZ on the southeast to the locked 1906 segment to the northwest. The fault creep 
rate drops from 14 mm/yr at San Juan Bautista to less than 1mm/yr at Pajaro Gap. The 
Loma Prieta rupture zone occupies the southeastern end of the locked 1906 segment. 
Background seismicity on the SAFZ falls off northwest of San Juan Bautista.

Background activity revives northwest of the high-velocity body in the form of the 
tight cluster of earthquakes near Lake Elsman. Low-level activity persists on a long- 
term basis in this vicinity but the cluster of earthquakes here also includes the M5.0 
earthquake of June 27, 1988 and the M5.2 earthquake of August 8, 1989 and their 
aftershocks.

Coincident with the abrupt cessation of SAF creep-related seismicity where the fault 
encounters the high-velocity body at Pajaro Gap there is an equally abrupt increase in 
aftershock activity as we enter the aftershock zone proper. At this southeastern end of 
the aftershock zone, the aftershocks define a plane that is a continuation, to depths 
greater than 7 km, of the plane defined by the creep-related seismicity and triggered 
aftershocks to the southeast. The main concentration of aftershocks forms a belt that 
plunges northwest to a maximum depth near 19 km, southeast of the mainshock 
hypocenter. The main concentration of aftershocks northwest of the mainshock 
hypocenter, and presumably the mainshock rupture plane, occurs well to the northwest 
of the end of the high-velocity body and on the Saliniam/Franciscan contact at the SAF.
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Conclusions and model implications

The three-dimensional velocity model is in good agreement with the surface geology 
and with available models from refraction surveys, and was in this study calibrated 
against laboratory P-velocity data for representative rock types found on both sides of 
the SAP in the region. Furthermore, the well-resolved portions of the model are 
delineated explicitly in the inversion calculation. We are thus able to define with a high 
degree of confidence a large, anomalous high-velocity body associated with the rupture 
zone of the Loma Prieta earthquake. This high-velocity body appears to play a profound 
role in controlling the transitions in slip behavior of the San Andreas fault zone (SAFZ) 
under the southern Santa Cruz Mountains. By interpreting the spatial distributions of 
background and aftershock seismicity in relation to the three-dimensional velocity 
model, we are able to construct a model of the Loma Prieta earthquake rupture that is a 
simple extension of the classical single asperity model (Kanamori, 1986). This model 
appears to be in good agreement with a kinematic model of the earthquake rupture 
(Beroza, 1991). Because our model is based in part upon consideration of the rupture 
of the 1906 earthquake, we are able to draw tentative conclusions about the earthquake 
cycle in the southern Santa Cruz Mountains which may be of help in determining the 
potential for future damaging earthquakes in that region.

Remaining Steps

A full paper is in the final stages of preparation for the USGS Professional Paper on 
the Loma Prieta earthquake. It will be submitted for the Spring, 1992 deadline, and it 
contains the complete development of the asperity model for the fault zone. What 
remains to be done that could provide substantially more insight into the earthquake 
dynamics is an analysis of the S-waves parallel to that we (and others) have completed 
for the P waves. This will require a comprehensive collection of all the portable three- 
component data and local strong-motion data acquired in the aftershock sequence. Noone 
has been able to accomplish this to date, due to various instrumental, logistics, 
manpower and political problems. It is worth an infusion of some resources to 
accomplish - there has been a large investment of public research funds toward this end, 
and perhaps a serious community approach to the problem is warranted.
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Figure 1. Loma Prieta base map showing inversion grid (solid dots), CALNET stations 
(triangles), mainshock epicenter (solid square), jmajor fault traces, epicenters of 
the 173 earthquakes used in the joint inversion (presses), and corner coordinates 
for the 45° rotated grid reference system (usod in subsequent figures).
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o Backgroun 
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Figure 2. Relocated epicenters for 700+ earthquakes in the Loma Prieta area, 
including background (pre October 1989) seir.micity and 1989 aftershocks. The 
coordinate system is that defined for the inversion grid in Figure 1. Major faults in 
the area are shown:SAF=San Andreas, SF=Sargent, BeF=Berrocal, BuF=Butano, 
ZF=Zayante, VF=Vergeles.
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OEVE Drilling Project

9960-01176

Thomas H. Moses, Jr. 
Branch of Tectonophysics 
U.S. Geological Survey 
345 Middlefield Road 
Menlo Park, CA 94025-3591 
(415) 329-4870 
FTS: 459-4870

The primary focus for the current year has been to close down the Santa Nella, 
California, drilling facility by transferring, surplusing, selling, and/or junking all non-usable or 
serviceable pieces of equipment, including removal of all hazardous wastes. Additional efforts 
were devoted to assisting or managing Division drilling projects, including the development of 
drilling programs, cost estimates, and contracts.

Results include:

1) Closing of Santa Nella facility.

2) Successful completion of Test Hole Program in support of NEHRP SF 
Bay studies.

3) Successful completion of Creede, Colorado, Research Drilling Project for 
the ICG of the Continental Drilling Program.
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Fault Interaction, Segmentation, and Geometry along the 
San Andreas Fault System, Southern California

14-08-0001-G1984
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PROJECT PLAN

1) Convert the analog FM-tapes from the 5-day portable recorders deployed in the epicentral 
region of the 1986 North Palm Springs (NPS) earthquake into digital data and incorporate the 
digital data into the event database. This requires the use of the USGS playback system in Menlo 
Park. The digital data will then be examined to determine accurate arrival times and polarities of P- 
and S-waves, and better spatial resolution of aftershock soutce characteristics. This task can only 
be performed if the playback system is operational, and the converted digital data are made 
available to this project. Arrival times for both P- and S-waves from the portable GEOS 
instruments have already been determined [Nicholson et al., 1986].

2) Invert the phase data from all the portable and permanent regional stations for improved station 
corrections, revised earthquake hypocenters, and the local S^dimensional velocity structure in the 
northern Coachella Valley. Analyze the resulting improved earthquake hypocenters and single- 
event focal mechanisms to identify patterns of interacting subsurface faults involved in the 1986 
NPS sequence.

3) Examine available historical records of the 1948 Desert Hot Springs (DHS) earthquake to 
improve our understanding of the location, magnitude, moment and possible fault geometry 
involved during this earlier seismic rupture of the southern San Andreas fault.

PROGRESS

This project began on 1 March 1991; this report documents progress through 31 October 1991.

1) The Branch of Seismology in Menlo Park has been contacted repeatedly regarding the 
digitization of the NPS 5-day analog tapes. The original playback system is now defunct, but a 
second playback system is marginally operational. However, this second system is fully utilized 
with the playback of tapes from Loma Prieta and other studies. Thus, I am still awaiting 
confirmation from Menlo Park to determine exactly if and when the NPS data can be digitized, and 
if a specific time period can be scheduled for use of the Menlj) Park playback system.

2) A preliminary high-resolution tomographic inversion for 3-D P-wave velocity perturbations in 
the vicinity of the NPS earthquakes has been performed and submitted for publication [Nicholson 
and Lees, 1991]. The inversion was based largely on data from the regional network of 
telemetered stations and the portable GEOS recorders. I am awaiting the digital data from the eight 
5-day analog recorders to expand the data set, increase resolution, and perform a similar inversion 
using S-wave arrivals. The preliminary tomographic images of velocity perturbation within the 
northern Coachella Valley reveal high-velocity anomalies in the region along the fault responsible 
for most of seismic slip during the NPS mainshock [Hartzdl, 1989] and most of the aftershock 
hypocenters [Nicholson et al., 1986], suggesting that the distribution of high-velocity anomalies 
outline the asperity responsible for the earthquake. Reused aftershock hypocenters using 
improved velocity models and station corrections suggest thai the segment of the Banning fault that
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slipped in 1986 may be listric, and may be truncated at depth by a low-angle northeast-dipping 
detachment surface (Figure 1). A revised hypocenter for the NFS mainshock suggests a slightly 
shallower focal depth (10.4 km) than reported earlier (implying that dynamic rupture may have 
propagated nearly equally both up and down dip), and confirmed that the initial sense of slip based 
on the P-wave first-motion focal mechanism was pure strike-slip (300° - strike, 40° - dip; 180° - 
rake), although with a slightly shallower dip than reported earlier [Jones etal., 1986].

3) Requests for copies of historical seismograms of the 1948 DHS earthquake have been sent to 
nearly all observatories that recorded the event. Nearfield records at Berkeley and Caltech  
particularly from the portable stations deployed by Caltech in the epicentral region immediately 
following the 1948 event have already been examined [Nicholson et al., 1987]. Copies of 
regional and teleseismic records at stations SEA, VIC, OTT, HAL, FLO, SLM, CLE, WES, NOL, 
LPZ, and DBN have been received. There has been no response from repeated requests to the 
USGS regarding availability of historical seismograms or microfilm of various regional station 
records archived in Denver. These later stations include: TUO, SIT, COL, SLC, BUF, BER, and 
SJP, as well as possible records from PFA, BDA, BCN, BUT, BZM, RCD, CHK, PHI, and 
CSC. A working system for seismogram digitization was developed, but appropriate instrument 
responses for some of the old recording systems (needed to invert the data for mainshock source 
characteristics) are still uncertain.

Preliminary results indicate that the 1948 DHS event likely ruptured the adjacent segment along the 
Banning fault to the southeast of the 1986 NPS earthquake. Based on P-wave first-motions and 
long-period surface waves, the preliminary focal mechanism of the DHS mainshock is oblique 
strike-slip with a small reverse component (305° - strike; 75° - dip; 170° - rake); the moment 
magnitude is more likely Mw 6.2 than 6.5; and the mainshock focal depth is approximately 12 km 
[Nicholson, 1987; Nicholson et al., 1987].
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NORTH PALM SPRINGS AFTERSHOCKS
POSSIBLE DETACHMENT EARTHQUAKES
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Figure 1. (top) Map showing lower-hemisphere focal mechanisms of selected aftershocks of the 
1986 North Palm Springs mainshock (\aige symbol) that exhibit a low-angle nodal plane (< 20°). 
(bottom) Cross section showing back-projections of the same focal mechanisms. Although slip 
directions are not all the same, most of the earthquakes occur west of the Banning fault, between 
depths of 10-14 km, and define a low-angle structure dipping to the northeast, consistent with slip 
along a detachment that truncated the down-dip extent of the 1986 mainshock rupture.
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General Purpose and Background

The purpose of the project is to reassess the historical seismicity of the Central part of 
Alaska. This area, which in principle, should be considered intraplate, is the site of significant 
seismicity, leading to the possibility of a diffuse plate boundary, such as has been documented 
elsewhere, for example in the Indian Ocean.

In particular, the central part of Alaska features intriguing historical earthquakes, for 
which magnitudes as large as M = 7.3 have been proposed. As always the case when dealing 
with historical events, the location, size, depth and focal geometry of these events are generally 
imprecise, and must be carefully re-assessed with the full power of modern day seismological 
techniques. What makes this endeavor particularly crucial is the regular operation of a VLBI 
station at Fairbanks in the immediate vicinity of the reported epicenters of major earthquakes in 
1937 and 1947. It is generally assumed by Space Geodesists that Fairbanks, several hundred 
km North the plate boundary, is firmly anchored to the North American continent, and can be 
viewed as a genuine sampling of the stable North American plate.

Investigations Undertaken and Results Obtained

We have undertaken to study approximately 30 historical earthquakes, with dates ranging 
from 1916 to 1960T. These events were selected on the basis of having at least one magnitude 
reported as M > 7, in various catalogues including the NEIC tape and the International 
Seismological Summary [ISS]. Our investigation is directed along several fronts: (i) relocation 
of the earthquakes; (ii) reassessment of their size; and (iii) evaluation of their focal geometry.

  Relocation
The basic dataset for relocation consists of the arrival times listed in the ISS. Because the ISS 
starts reporting systematically around 1915, our first event goes back to 1916. We use a com­ 
puterized iterative algorithm, satisfactorily developed in previous investigations (and applied to 
many hundreds of events) by the investigators. The algorithm can improve the old ISS loca­ 
tions for two fundamental reasons: we include S times, which the ISS lists, but does not use in 
locating; and the computerization of the process allows us to test, identify, and eventually 
reject data of lower quality, which either prevent convergence, or result in excessive standard

t "Historical" earthquakes have traditionally been taken as those predating the establishment, in 1963, of 
the World Wide Standardized Seismographic Network, which for the first time allowed the routine and 
precise location of earthquake foci worldwide.
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residuals. In addition, we conduct statistical tests of the solution, by artificially injecting noise 
into the data, and studying its influence on the resulting locations.

In general, the 29 events relocated by this procedure were not significantly displaced from 
their original locations (an average of 40 km). In several instances, we were able to obtain 
some constraints on depth, and in the case of the 1916 event, suggest that the earthquake is 
probably shallow.

Probably the most important result of this part of the investigation is that the large earth­ 
quakes of 1937 and 1947 in the vicinity of Fairbanks actually took place South of the city; 
indeed, both events relocated South of their original epicenters. This crucial result validates the 
assumption, tacitly used in Space Geodesy, that no large icale crustal deformation takes place 
between Fairbanks and the bulk of the North American continent, in other words that Fair­ 
banks does represent a stable benchmark in the North American plate.

  Magnitudes
An attempt was made to reassess the magnitudes of some of the more significant events 

in the dataset. A large collection of records were inspected, and when feasible, digitized at the 
University of Uppsala, Sweden, which maintains one of the best archives of Wiechert seismo- 
grams; at the Caltech archives in Pasadena; and at the USOS Historical Seismogram Facility in 
Denver. In many cases, standard surface wave magnitudes appear to have been overestimated 
(see Table 1). We are presently researching the origin of this bias, which may lie in the use of 
a variable period in the early magnitude measurements.

Whenever possible, we conducted a measurement of the mantle magnitude Mm , measured 
at very low frequencies, and representative of the seismic moment of the source, as introduced 
by us in earlier investigations. Given the above remark regarding Ms , the generally lower than 
expected level of the seismicity resulted in only a small number of Mm values: there was just 
not enough energy at long periods in most old records to obtain a reliable measurement (see 
Table 2).

  Focal Mechanisms
We are presently investigating the focal mechanism of the central Alaskan events of 1937 

and 1947. Because of the paucity of records available for this study, we have to rely on special 
techniques. We are using the three-component Benioff 1-90 records at Pasadena, which have 
the double advantage of providing good recording characteristic throughout a broad frequency 
spectrum, and of having been continuously used up to the present, allowing for direct com­ 
parison with modern earthquakes. Since the historical events were not truly gigantic, their 
spectrum is concentrated in the 20-70 s period range, in which the influence of lateral hetero­ 
geneity on the dispersion characteristics of surface waves is primordial. In order to eliminate 
this unknown parameter, we use modern earthquake|s traveling over a similar path 
(Northwestern Alaska to California), and whose focal solutions have been published as part of 
the CMT dataset, in order to retrieve the Love and Rayleigh dispersion along the source-to- 
receiver path, and in turn extract the focal parameters of the historical earthquake (moment and 
geometry) from the complex spectra of its Love and Rayleigh waves at a single station. This 
work is presently being performed with Graduate Student Wei-chuang Huang.
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Table 1: Alaskan Historical Earthquakes Relocated in This Study

Date 

DM Y

18 4
04 5
24 10
21 6
07 3
26 5
27 4
04 5
22 7
10 11
22 8
09 9
03 11
27 7
12 1
01 4
16 10
14 5
22 8
27 9
13 2
02 1
09 3
22 3
10 4
19 4
07 4
10 7
13 11

1916
1923
1927
1928
1929
1929
1933
1934
1937
1938
1940
1942
1943
1944
1946
1946
1947
1948
1949
1949
1951
1957
1957
1957
1957
1957
1958
1958
1960

Time 
(GMT)

04:01:48.0
16:26:39.0
15:59:55.0
16:27:13.0
01:34:39.0
22:39:54.0
02:36:04.0
04:36:07.0
17:09:29.0
20:18:43.0
03:27:18.0
01:25:26.0
14:32:17.0
00:04:23.0
20:25:37.0
12:28:54.0
02:09:47.0
22:31:43.0
01:01:11.0
15:30:45.0
22:12:57.0
03:48:44.0
20:39:16.0
14:21:10.0
11:30:00.0
22:19:26.0
15:30:40.0
06:15:51.0
09:20:32.3

Initial

Lat.
°N

53.25
55.50
57.50
60.00
51.00
51.00
61.25
61.25
64.75
55.50
53.00
53.00
61.75
54.00
59.25
52.75
64.50
54.50
53.75
59.75
56.00
53.00
52.30
53.74
55.96
52.00
66.03
58.60
51.40

Location

Long. 
°W

170.00
156.50
137.00
146.50
170.00
131.00
150.75
147.50
146.75
158.00
165.50
164.50
151.00
165.50
147.25
163.50
147.50
161.00
133.25
149.00
156.00
168.00
169.00
165.66
153.86
166.50
156.59
137.10
168.80

Depth 
(km)

170
25
25
25
50

0
25
80
25
25
25
80
25
70
50
50
50
25
25
50

0
0
0

20
0
0
0
0

32

A/

7.5
7.1
7.1
7.0
8.6
7.0
7.0
7.2
7.3
8.7
7.1
7.0
7.3
7.1
7.2
7.4
7.0
7.5
8.1
7.0
7.0
7.0
7.1
7.0
7.1
7.3
7.3
7.9
7.0

Relocation

Time 
(GMT)

04:01:44.9
16:26:42.2
15:59:51.8
16:27:14.9
01:34:39.3
22:40:03.0
02:36:05.3
04:36:05.4
17:09:30.7
20:18:40.1
03:27:13.6
01:25:22.5
14:32:18.4
00:04:25.2
20:25:38.2
12:29:01.5
02:09:46.6
22:31:43.4
01:01:14.2
15:30:44.9
22:12:55.6
03:48:43.4
20:39:17.8
14:21:11.0
11:29:59.5
22:19:29.3
15:30:41.3
06:15:57.2
09:20:33.6

Lat.
°N

53.66
55.29
57.67
60.21
50.66
50.76
61.04
61.40
64.52
55.35
52.17
52.95
61.75
54.05
58.95
52.94
64.01
54.55
53.56
60.03
55.57
52.68
52.45
53.58
55.82
52.01
65.82
58.13
51.10

Long. 
°W

170.00
156.67
136.80
147.09
169.69
130.80
151.10
147.74
146.77
158.38
165.36
166.19
150.88
165.47
147.25
163.20
147.50
161.00
133.28
149.11
156.29
167.98
169.57
165.81
153.86
166.37
156.41
136.35
168.75

Depth 
(km)

33.0

22.9

2.7

10.1
3.5
4.6
3.1
7.7
7.7

A/, 
(UPP)

6.7
6.6
7.6

6.5
6.9
8.2
6.8
5.8
7.0

6.2

7.0
7.5

6.6
7.0

7.0
7.8

Table 2: Estimates of Seismic Moments Obtained in This Study

Date

07 3 1929
10 11 1938
22 8 1949
10 7 1958

Estimate

Mantle magnitude

Mm

8.0
8.7
8.4
7.8

Seismic Moment

(1027 dyn-cm)

10
46
23
6
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Investigations

This contract supports continued research focused on the 
eastern Sierra Nevada and western Great Basin region. We have 
investigated: (1) site characteristics at Mammoth Lakes as 
related to inferred source parameters; (2) RMS S to P spectral 
ratios of downhole instruments near Long Valley caldera for 
fundamental source characterization; (3) source finiteness of 
the 1980 Mammoth Lakes earthquakes; and (4) mantle anisotropy 
under the western U.S. Some of these results are described 
below.

Results

(1). Site Characteristics at Mammoth Lakes

Peppin (1991) summarized the strong influence of site effects 
on inferred source parameters of the 1980 Mammoth Lakes 
sequence using the University of Nevada wideband array of 
digital seismographs. While it is now generally known that 
site effects are quite strong, this study shows that 
significant reduction of the spectral corner frequency (and 
therefore the inferred stress drop) extends to the highest 
on-scale events recorded, of magnitude ML 5.0. The results of 
this study concur with the recent work of Lindley and 
Archuleta (1990).

(2). RMS S to P Spectral Ratios.

Lawrence Berkeley Laboratory operated an array of downhole 
digital seismographs from 1989 to 1990. Peppin (1991) has 
computed RMS S to P spectral ratios from these downhole data. 
Looking at the long-period spectral ratios, evidence is fairly 
strong that one event (25 May 1990, 0235 GCT) has a strong 
component of nonshear motion. We are now producing 
theoretical seismograms using the PROSE wavenumber integration 
program to explore the expected behavior of these RMS ratios, 
and assist in the characterization of these sources.

Looking at the high-frequency RMS spectral ratios, we find 
almost universally that, at frequencies exceeding about 10 Hz, 
the S to P ratio shows a marked and rapid falloff. Castro 
(1991) argues that a similar 10-Hz falloff on the Guerrero 
Mexico strong-motion data originates in part at the source,
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and interprets the source effect as motion perpendicular to 
the slip plane. However, because the earthquakes in Long 
Valley caldera show about the same onset of S to P falloff (10 
Hz), and are very much smaller in magnitude (M 2 - 2.5 versus 
4 to 7 for the Guerrero events), it seems probably that in 
both cases this is a near-receiver site effect, and is not 
related to excessive P energy leaving the source at high 
frequencies. Work in underway also with the Parkfield 
downhole data to bring more information to bear on this 
question.

(3) Source Complexity of the 1980 Mammoth Lakes earthquakes

An w-1 slope above the lowest corner frequency is expected for 
a complex multiple event source or an "abrupt locking" or 
"self healing" model (Brune, 1970; Smith and others, 1989, 
1991; Heaton, 1990; Wennerberg, 1990), or equivalently from a 
barrier model of the type proposed by Papageorgiou and Aki 
(1983). If the complex source interpretation is correct for 
the larger 1980 Mammoth events, we might expect the strong 
motion accelerograms from the larger events to be much more 
complex than the accelerograms for smaller events, and this is 
generally the case, but some of the aftershock records at the 
same stations also appear complex, either because they are on 
a node for the main radiation, or because the source is more 
complex.

We (Priestley and Brune) have attempted to synthesize waveform 
and spectra of a larger event by randomly summing 
accelerograms for 3 smaller events of magnitude about 4.5, 
sufficient in number to give the same moment. This procedure 
is similar to that employed by Munguia and Brune (1984). In 
this technique we make no attempt to model the exact waveform 
or phase of the larger signal, but rather only the general 
amplitude envelope and spectrum. Using this technique, the 
two spectra averaged over the whole frequency band 1.5 to 6 Hz 
are not greatly different. The differences in spectra can be 
attributed to the fact that the average spectra of the 
aftershocks used in the summation are not exactly the same 
shape as the spectra of the main shock, but it is perhaps 
surprising that the average spectra are so close, and no 
strong filter effect between low and high frequencies is 
required.

When we consider the longer periods, 10 - 20 seconds, the 
results are quite different. The moment for the larger event 
determined from surface waves is almost an order of magnitude 
larger than the moment given by Archuleta and others (1982). 
This might suggest that we should have summed ten times as 
many events, but here we suggest the other alternative, namely 
that the majority of slip occurred at a time scale with 
predominant frequencies lower than adequately recorded by the 
strong motion instruments. This may be typical of events 
which occur in a high heatflow, magmatic region like the 
Mammoth Lakes area.
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We conclude that we can approximately represent high frequency 
(> 1 Hz) part of the observed spectrum for the larger event as 
a sum of accelerograms from smaller events, thus lending 
strength to the interpretation of the large event as a 
complex, multiple event superposition of smaller events. 
However, at lower frequencies there is apparently a 
considerable amount of low frequency (low velocity) slip on 
the fault which is not adequately sampled by the strong motion 
instruments, but shows up in the higher moment determined from 
the surface waves.

(4). Anisotropy Studies.

Martha Savage and coworkers continue their study of 
upper-mantle anisotropy under the western United States using 
data from the UNR, Berkeley, and Caltech networks. Their work 
has been summarized in the abstracts given below.
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Two manuscripts reporting the results from the initial slip experiments have been 
accepted for publication in JGR and are now in press. Synopsis of these papers are in USGS 
Open File Report 91-352, page 500. In the first paper, Biegel el al. (1991) reported observing a 
roughness dependence in the evolution of friction. During the first several hundred microns of 
displacement they identified two stages of development which were called initial slip and slip 
hardening. In Paper 2, Boitnott et al. (1991) introduced an elastic contact model which 
successfully predicted the friction response of rough granite samples in the initial stages of slip.

Currently, we are conducting a detailed investigation of the mechanics of asperity scale 
adhesion and mechanisms of slip hardening such as ploughing and interlocking. Friction 
experiments with different roughnesses of quartzite and granite on surfaces of optically flat 
sapphire are being performed. Results now indicate that slip hardening mechanisms are active 
at the beginning of slip and that the initial stiffness observed in the rough granites (Biegel et al., 
op. cit.) is attributable to slip hardening mechanisms active at the start which was previously 
unsuspected. The absence of slip hardening mechanisms leads us to conclude that an adhesion 
strength exist for elastically contacting materials which is a substantial part of the total friction. 
The shear model of Boitnott et al. does not distinguish between adhesion and slip hardening 
and so must be modified. We are testing two methods to do this, one of which incorporates an 
area of contact dependent adhesion in the model, and the second involves scaling the radii of 
curvature of the asperities to the height. Both steps will probably be necessary to model the 
sapphire data. Finally, a detailed investigation of the different slip hardening mechanisms is 
being carried out by sliding contrasting roughnesses of sapphire and quartzite to isolate the 
ploughing and interlocking effects. The data on the adhesion mechanism will be used to the 
effects of adhesion from slip hardening.

In a related project, we have nearly completed scaling the shear model to crustal 
dimensions. Experiments have shown that following a step jump in velocity contacting surfaces 
must slide a critical length to achieve a new equilibrium friction and this distance is equal to the 
distance necessary to completely change the population of contacting asperities (Dieterich, 
1979a,b; Tullis and Weeks, 1986). Boitnott et al, (op. cit.) calculated that essentially all of the 
asperities should be fully sliding after a displacement which compared favorably with 
Dieterich's critical slip distances. The comparisons suggest that 1) the same mechanism which 
determines the critical length in rate stepping experiments, Lc , also determines the initial slip 
distance in our experiments, and 2) is equivalent to the distance necessary to fully change the 
population of contacting asperities. Therefore, LC and the initial slip distance predicted by the 
model should be equivalent. In the parameter study in Boitnott et al., (op. cit.), the initial slip 
distance was predominantly dependent on the roughness, all other parameters having only 
second order effects. Brown and Scholz (1985) found that rock surfaces are fractal over several 
orders of magnitude. Thus, scaling the model requires scaling the roughness parameters to the 
required length using the cutoff frequency of the power spectrum. In this way we obtained the 
required topographic parameters as input to the model.

We are now turning our attention to modelling the entire rate/state variable fiction law 
based on a micromechanical contact model. This involves determination of the dependence of 
contact state on normal load and slip velocity through a combination of closure measurements 
and instantaneous normal and shear compliance data from 'glitch1 experiments. Results to date 
suggest that both transient and steady state effects can be modelled with an elastic contact model 
for the path of increasing normal load then increasing shear stress. However, for the path of 
decreasing normal load, an additional 'memory1 term, perhaps due to adhesion, needs to be 
included. The steady state velocity effect on contact state can also be observed through closure 
measurement and is consistent with the steady state velocity effect on friction, but the transient
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behavior on a step change of velocity also requires the memory term. Experiments are 
underway to further explore the properties of the memory effect. The effects of roughness and 
normal stress on both running in and steady state wear have been studied. A contact model 
which incorporates a criteria for asperity fracture has been developed that is consistent with the 
experimental observations.
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Investigations

Our research in the last year has focused on applying quantitative methods for 
analyzing shear-wave polarizations to data from three-component surface and borehole 
seismometer arrays, comparing these results to local stress orientations obtained from focal 
mechanisms, and studying similar earthquake pairs to constrain temporal variations in 
seismic Green's functions. Results of this work are described in detail in Aster et al. 
(1990, 1991) and Aster and Shearer (1991a,&; 1992). Abstracts for the latter three papers 
are listed below.

Results

Two borehole seismometer arrays (KNW-BH and PFO-BH) have been established in 
the Southern California Batholith region of the San Jacinto Fault zone by the U.S. 
Geological Survey. The sites are within 0.4 km of Anza network surface stations and have 
three-component seismometers deployed at 300 m depth, at 150 m depth, and at the 
surface. Downhole horizontal seismometers can be oriented to an accuracy of about 5° 
using regional and near-regional initial P-wave particle motions. Shear waves recorded 
downhole at KNW-BH indicate that the strong alignment of initial S-wave particle motions 
previously observed at the surface KNW Anza site (KNW-AZ) is not generated in the near- 
surface weathered layer. The KNW-BH surface instrument, which sits atop a highly 
weathered zone, displays a significantly different (~20°) initial S-wave polarization 
direction from that observed downhole and at KNW-AZ, which is bolted to an outcrop. 
Although downhole initial shear-wave particle motion directions are consistent with a 
shear-wave splitting hypothesis, observations of orthogonally polarized slow shear waves 
are generally elusive, even in seismograms recorded at 300 m. A cross-correlation measure 
of the apparent relative velocities of Sfast and Ssiow horizontally polarized S waves suggests 
shallow shear-wave anisotropy, consistent with the observed initial S-wave particle motion 
direction, of 2.3 ± 1.7 per cent between 300 and 150 m and 7.5 ± 3.5 per cent between 
150 and 0 m.

We examine surface and downhole P- and S-wave spectra from local earthquakes 
recorded at two borehole seismometer arrays (KNW-BH and PFO-BH) installed in the 
Southern California Batholith region of the San Jacinto Fault zone by the U.S. Geological 
Survey to assess the influence of the weathered layer on the spectral content of high- 
frequency (2 to 200 Hz) seismic signals. Earthquake signals recorded downhole at both 
sites show significantly improved seismic bandwidth due to both a reduction in ambient 
noise levels and (especially) to dramatically increased levels of high-frequency signal. 
Significant seismic signal is observed up to approximately 190 Hz for P waves at KNW- 
BH. Stacked spectral ratios from these signals indicate that the highly weathered near- 
surface (between 0 and 150 m) at KNW-BH and PFO-BH exerts a much larger influence 
on seismic signals than deeper (between 150 and 300 m) material. Modeling of
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uphole/downhole spectral ratio data suggests Qa ~ 6.5 and Qp ~ 9 between 0 and 150 m,
increasing to Qa ~ 27 and Qp > 26 between 150 and 300 m. An outcrop-mounted Anza 
network station, deployed approximately 0.4 km from KNW-BH, displays roughly similar 
high-frequency content to the KNW-BH downhole sensors, but it exhibits spectra that are 
significantly colored by directional resonances. Low-Q and low-velocity near-surface 
material forms a lossy boundary layer at these borehole sites that is advantageous to the 
high-frequency borehole environment; not only are noise levels reduced, but reflections 
from the surface and near-surface are greatly attenuated. As a result, high-frequency 
recordings from below the weathered zone more nearly resemble those recorded in a whole 
space than would otherwise be expected.

We use focal plane solutions to constrain principle stress directions in the vicinity of 
six Anza Network stations which show evidence for shallow shear-wave anisotropy in the 
vicinity of the Anza seismic gap region of the San Jacihto fault. Faulting near all stations is 
consistent with approximately N-S maximum compressive stress. Five of these stations 
show nearly N-S initial particle motion alignment, consistent with the anisotropy-stress
relationship expected for stress-aligned microcracks. However, one station (KNW) has a
well-defined preferred initial shear-wave polarization direction of N40°W. Although this 
polarization direction differs dramatically from the local maximum compressive stress 
direction, it is consistent with the anisotropy expected due to a local alignment of 
anisotropic bedrock minerals, particularly biotite. Thus, anisotropy observed at this station 
most likely reflects a fixed, paleostrain alignment of anisotropic minerals and/or 
microcracks and does not require a dependence on the Current stress field.
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Investigations: April 1 - September 30,1991

1. High-resolution seismic imaging and gravity analysis of deformation across the Wasatch 
fault near Kaysville, Utah.

2. Source dependency of site amplification in the Salt Lake Valley, Utah.

3. Space-time patterns of main shock occurrence and precursory seismicity in the Utah 
region.

Results

1. High resolution seismic reflection and gravity data were acquired at a trench site across an 
exposure of the Wasatch fault near Kaysville, Utah. Primary objectives of the high-resolution 
seismic study included: 1) testing the ability of reflection seismology to delineate unconsoli- 
dated stratigraphic units of Quaternary age in the upper 50 m of the study area; and 2) 
developing seismic processing techniques to suitably enhance the nonconventional, high- 
resolution data. Gravity data complemented the seismic data and provided a constraint on the 
fault zone interpretation. These data revealed major fault locations in the unconsolidated sedi­ 
ment; however, gravity was more helpful in mapping the location of the sediment-bedrock 
interface across the Wasatch fault zone.

Specialized seismic acquisition equipment recorded signals up to 400 Hz. The 12-fold, 
high-resolution data were processed using methods similar to those of the oil industry. Static 
shifts (due in part to the over 35 m of topographic relief along the 154-m seismic profile) were 
a major interpretation problem that was solved by refraction statics analysis. After processing, 
stratigraphic resolution was around 1 m, with Fresnel zone radii of 5 m on the deepest 
reflecting interfaces, at 40 m depth. Good resolution (80-300 Hz dominant bandwidth) in the 
stacked seismic data permitted a direct trench log-seismic profile comparison (Figure 1). The 
seismic data delineate fault locations and unconsolidated, displaced sediments as well as collu- 
vial material abutting the main fault zone. The Wasatch fault is imaged as three diagonal

*W.J. Stephenson, J.R. Pelton, SJ. Nava, and DJ. Trentman also contributed 
significantly to the work reported here.
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traces offsetting gently dipping reflectors. Dip of the Wasatch fault is 70°W at the surface, and 
is estimated from the seismic data to be 45°W at 25 m depth. A cumulative displacement of 
2 m across the antithetic fault system is observed in both the seismic data and the trench. 
Agreement between the trench log and the seismic data suggests the seismic reflection method 
is a viable investigative tool in faulted, unconsolidated segments.

2. To gather some data on the variability of site amplification in the Salt Lake Valley with 
source location, frequency, and incident wave type, we augmented the Utah seismic network 
for 7l/2 months with two short-period, three-component, analog telemetry stations in the Salt 
Lake Valley. One station was located on Quaternary alluvium in a quiet residential neighbor­ 
hood, and the other was located 8 km away on a Paleozoic quartzite outcrop in the Wasatch
Range near the eastern edge of the valley. These stations
nuclear blasts in southern Nevada, and local earthquakes and blasts of M > 2.

Examination of the data from these stations indicates

successfully recorded teleseisms,

that the amount of apparent site
amplification at the alluvium site (BRO) relative to the rock site (MHD) varies strongly with 
source location and, to a lesser extent, with wave type and component. Recordings of nuclear 
blasts at the Nevada Test Site show time domain amplification of up to a factor of ten, depend­ 
ing on the component and the time within the record. The Pn phase shows the least 
amplification, less than a factor of two. Similarly, recordings of a local blast southwest of the 
Salt Lake Valley (Figure 2) show a significant amount of amplification, up to a factor of ten, 
on all three components over nearly the entire record. In contrast to the data from these blasts,
data from a M 2.1 earthquake east of the valley stations show smaller ground velocities at the c/
alluvium site than the rock site, except for the S wave on the N-S components (Figure 2). 
These smaller ground motions at the alluvium site can be a least partially explained by 
geometrical spreading, since its hypocentral distance is 28 km compared to 22 km for the rock 
site. Seismograms of teleseismic P waves show relatively modest amplification of the direct P 
wave (a factor of two or less) at the alluvium site relative to the rock site, but considerable 
amplification of the P-wave coda, especially on the horizontal components.

These observations imply that the two- and three-dimensional structure of the Salt Lake 
Basin has a strong influence on site amplification, in agreement with numerical simulations. 
An expanded study using ten portable digital seismographs is now underway.

3. It has been recognized for some time that notably fewer instrumentally-recorded main 
shocks occur in the Wasatch Front area of north-central Utah than in neighboring parts of the 
Intermountain Seismic Belt. For this same area, an apparent decrease has been noted in the 
number of main shocks of M > 3.0 since the mid-1960s along a zone more than 200 km long 
between about 39.5°N and 41.5°N encompassing the most geologically active parts of the 
Wasatch fault (see our last project summary, USGS Open-File Rept. 91-35, p. 142-146). We 
have analyzed the temporal occurrence of independent main shocks in this region to test for 
non-Poisson behavior. Specifically, we analyzed samples of earthquakes consisting of M > 
5.0, 1900-1990, M > 4.3, 1938-1990, and M > 3.0, 1962-1^90. For each sample, given n 
observed events in t years, we used a normalized likelihood function to estimate X, the rate
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parameter of a Poisson process, together with the 95-percent-confidence estimates of its lower 
and upper bounds. We then applied the Kolmogorov-Smimov test to determine whether one 
could reject the null hypothesis that an observed distribution of interevent times is Poisson. 
We could not reject the null hypothesis for any of the nine cases (three respective size-time 
samples of main shocks, each having a most-likely, an upper-bound, and lower-bound esti­ 
mates of X). Thus, apparent changes that have been noted in the pattern of main-shock 
occurrence in the vicinity of the Wasatch fault aren't necessarily inconsistent with a Poisson 
process.

A period of relative seismic quiescence within 50 km began about 6l/2 years before the 
1975 M 6.0 Pocatello Valley (Idaho-Utah border) earthquake and lasted for 4V£ years. The

M-t

main shock was also preceded by preshocks (A < 10 km; 10 d < t < 1 yr) and foreshocks (A < 
10 km, t < 10 d). The case history of the Pocatello Valley earthquake sequence motivated a 
comparative study of seismicity prior to five recent main shocks in the Utah region (4.8 < 
M <5.4, 1987-1989). Coincidentally, all five of these main shocks were preceded by

J-*

foreshocks. At least two, and possibly four of the studied main shocks were preceded by 
significant decreases in background seismicity, within 25 km, that began 7 to 8 years before 
the main shock and lasted about 4 to 7 years. The two earthquakes for which there is good evi­ 
dence of a precursory decrease in seismicity are the M 5.3 San Rafael Swell earthquake of

J-»

August 1988 and the M 4.8 Bear Lake earthquake of November 1988. Both earthquakes also
Lf

had preshocks.
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Figure 2. Sample three-component data 
from two temporary stations of the Univer­ 
sity of Utah regional seismic network: 
BRO, which is located on Quaternary allu­ 
vium in the Salt Lake Valley, and MHD, 
which is located 8 km ENE of BRO on a 
Paleozoic quartzite outcrop overlooking 
the valley. The station name and com­ 
ponent (kstcmp) are given at the left of 
each seismogram, along with the epicentral 
distance in km (dist) and the back azimuth 
in degrees (baz). The time given at the 
top of each set of plots is the origin time 
of the seismic event in UTC, which 
corresponds to the origin of the time axis. 
The relative amplitudes of the velocity 
seismograms in each set of plots are 
correct The seismometers at each site are 
Geotech S-13 velocity transducers, with 
the free periods set to -0.6 sec. The data 
are filtered at the recording sites using 
lowpass Butterworth filters with corner fre­ 
quencies of 2.5 Hz.
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Investigations

Pacific-North America Plate Interaction

This work is an attempt to derive from mechanical principles the locations, slip rates, 
and lifetimes of major plate boundary faults in centfal and southern California since late 
Oligocene time. A special case is the present set of faults. The data most useful for 
testing the models for earlier times are measured offsets, rotations, and vertical motions of 
geologic units and crustal blocks. Results of this study may help explain average slip rates 
on modern seismically active faults, as well as apparent brittle strength variations along 
strike.

Interaction of Plates on a Sphere

The goal here is to construct a mechanical model using the theory of spherical elastic 
shells to simulate motions of the major tectonic plates. Shell fragments (plates) are in 
static equilibrium and subject to forcing by excess mass at subduction zones. Stresses 
resisting motion satisfy a time-dependent constitutive relation at plate bottoms and lateral 
boundaries. The first application of the model will be to simulate the current (Quaternary) 
motions of plates on the earth. The second application will be to simulate motions of plates 
in the Pacific basin since late Mesozoic time (e.g. Bngebretson et al., GSA Spec. Paper 
206). Results of the above investigation of Pacific-North America plate interactions for 
late Tertiary faults should help constrain constitutive laws at plate margins and bottoms. 
This work is a collaboration with Philip O. Banks (CWRU).

Dynamic Fault Interaction - Parallel Strike-Slip Faults

The magnitudes of most strike-slip earthquakes are controlled by their rupture lengths, 
therefore if one could determine what controls the rupture length, one could determine the 
magnitude of an upcoming earthquake. The object of this study is to determine how 
fault geometry affects a propagating earthquake rupture. We specifically study the case 
of parallel (non-collinear) strike-slip fault segments. This initial study is performed using 
numerical simulations assuming plane strain conditions (a two-dimensional calculation).
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The calculations simulate spontaneously propagating shear fractures. This work is being 
done by Ruth Harris, in collaboration with Steve Day (SDSU).

Results

Pacific-North America Plate Interaction

In a two-dimensional stress model starting with only a bent San Andreas fault, it is 
possible to derive approximately the location, slip rate, and length of the Gar lock fault. 
The computed stress field in the area corresponding to the Owens Valley to Death Valley 
region is extensional to the northwest, as observed. In this region the observed extensional 
rate is the highest of all in the northern Basin and Range. The model explains this 
observation if the extension due to Garlock slip is regarded as superimposed on more 
widespread extension of the Great Basin due to another cause, presently uncertain. The 
Garlock may be indirectly due to large scale Great Basin extension if that extension caused 
the bend in the San Andreas.

Interaction of Plates on a Sphere

Simple models of plates on a sphere are being analyzed. No reportable results. 

Dynamic Fault Interaction - Parallel Strike-Slip Faults

The results to date demonstrate that spontaneously propagating shear fractures can 
jump both dilational and compressional steps in vertical strike-slip faults. It also appears 
that wider dilational steps can be jumped (up to 5 km wide). This result is supported by 
field data which show that the maximum dilational step-width, which has been jumped by 
a strike-slip earthquake, was approximately 5 km wide (this occurred during the great 
M8 Erzincan earthquake of 1939). The widest known case for a compressional step 
is the 1891 Nobi earthquake (also M8) which jumped a 3-km wide compressional step. 
Additional results are that dilational steps appear to slow the propagating rupture more 
than compressional steps do, leading to a slower apparent rupture velocity. In FY92 these 
studies will be continued, using 3D numerical models.
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Objective: To study the role of lake level fluctuations on the mechanism 
of reservoir induced seismicity (RIS) by monitoring of groundwater and 
seismicity at the Bad Creek pumped storage facility in northwestern 
South Carolina.

Investigations

Impoundment of the reservoir started on January 6, 1991. Since then 
seismicity and lake levels have been monitored continuously. In addition, 
the hydraulic head expressed as elevation above mean sea level, has been 
monitored in three observation wells, OW1, OW2 and OW3. The locations 
of the wells are shown in Figure 1.
The seismicity is monitored on stations of the Bad Creek-Lake Jocassee 
network and recorded at Jocassee hydro station. Since September 13, 
1991, data from BC (Bad Creek) station are telemetered by telephone to 
Columbia.

We are also carrying out two theoretical studies aimed at calculating the 
coupled response of the earth to reservoir impoundment.

Results

The preliminary results of these investigations are summarized below.

a. Groundwater Monitoring

The hydraulic head expressed as height of water above the mean
sea level in the three observation wells OW1, 
Figure 2.
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Both OW1 and OW2 are within the reservoir area and show immediate 
response to changes in the reservoir level. OW3 is located outside the 
reservoir area and there is a time delay in its response to the 
reservoir changes. Lightning strikes appear to have damaged the pressure 
transducers in OW1 and OW2, these are being replaced.

b. Seismicity Monitoring

The seismicity in the vicinity of Bad Creek has been monitored for several 
years prior to impoundment. Although a minor increase in seismicity 
occurred soon after impoundment, a major burst of seismicity has not 
occurred yet. Most of the earthquakes recorded near Bad Creek are of 
magnitude <0.0. After filling the largest event had a magnitude of 0.6. 
The cumulative seismicity curve shows an increase in seismicity rate 
during initial filling (Figure 3).

c. Modeling Studies

Two one dimensional models (one numerical using finite differences and 
one analytical) have been developed to study coupled response of elastic 
effects and pore pressure diffusion and its correlation with seismicity. 
Variations in hydraulic parameters and physical properties of materials 
are being analyzed to study their sensitivity. We plan to develop a two 
dimensional model which accounts for lateral inhomogeneities in space.

Another theoretical study is aimed at understanding the influence of rate 
of loading on the growth of the pore pressure field. We have computed the 
contribution due to undrained (increase in pore pressure due to elastic 
compression of rocks) and drained response (diffusion of pore pressure 
under the influence of a changing head) for various loading rates. For the 
elastic properties assumed for Bad Creek the undrained response is about 
53% on the total pore pressure, if monotonic growth of pore pressure is 
assumed. Our computations also suggest that rapid loading results not 
only in an instantaneous increase in pore pressure but also in a faster pore 
pressure build up due to diffusion.
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We plan to develop numerical models elucidating coupled pore pressure 
field due to rapid fluctuations, and also the effect of heterogeneity in the 
hydraulic properties.

Reports

Pradeep Taiwan! and Kusala Rajendran, Long term response of seismogenic 
reservoirs. Presented at the 63rd Annual meeting of the Eastern Section 
of the Seismological Society of America, October, 1991.
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SHEAR ZONE F

SHEAR ZONES E & D

UPPER RESERVOIR 
ELEV. 2310

SHEAR ZONE C

1800

SCALE FT. 

WELLS

Figure 1. Location of shear zones in Bad Creek area. The lake outline shows 
the extent of full pond (2310 ft) and stippled pattern shows the 
maximum drawdown (2150 ft). The numbers show the locations of 
observation wells.
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Cumulative Seismicity near Bad Creek Reservoir since
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Figure 3. Number of earthquakes per day and cumulative seismicity near Bad 
Creek reservoir from November 1990 through August 1991. The filling 
started in January 1991.
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QUATERNARY BLIND THRUSTING IN THE SOUTHWESTERN 
SACRAMENTO VALLEY, CALIFORNIA

Contract # 14-08-0001-G2059

Jeffrey R. Unruh (Dept. of Geology; 916-752-4950) 
Lewis P. Munk (Dept. of Land, Air and Water Resources; 916-752-1406)

Eldridge M. Moores (Dept. of Geology; 916-752-0352) 
Randal J. Southard (Dept. of Land, Air and Water Resources; 916-752-7041)

all at: University of California, Da vis 95616

OBJECTIVES
The goal of this investigation is to study Quaternary surface deformation related to movement 

on potentially seismogenic blind thrust faults in the Dunniffan Hills region, southwestern 
Sacramento Valley, California. Our approach is to combine analysis of seismic reflection data with 
mapping of Quaternary tectonic-geomorphic features to infer the rate, timing and kinematics of late 
Cenozoic shortening.

INVESTIGATIONS UNDERTAKEN
Our study has pursued several complementary tracks intended to relate patterns of surface 

deformation to the kinematics and mechanics of blind thrusting. To date, we have obtained over 
75 km of high quality seismic reflection data from industry sources. We are using these data to 
interpret stratigraphic and structural relationships beneath the Dunnigan Hills. Using well- 
established depth-velocity relationships for the southwesteifn Sacramento Valley, we have derived 
depth sections from interpreted migrated time sections. Where possible, we have verified the 
derived depths to critical stratigraphic horizons with published (kill-hole data from the Dunnigan 
Hills region. Using the depth sections as a guide, we have tested several forward models for the 
evolution of the blind thrust system. Our approach is to construct a series of kinematically 
restorable cross-sections that account for both progressive movement on the thrusts and 
syntectonic sedimentation in the ancestral Sacramento Valley forearc basin.

Our study of late Cenozoic surface deformation includes mapping tectonic-geomorphic features 
such as uplifted and tilted surfaces, quantitative analysis of drainage system development in the 
actively growing Dunnigan Hills anticline, and soil stratigraphic studies to infer relative ages of 
deformed surfaces.

During reconnaissance field studies of the Dunnigan Hills and surrounding regions, we 
observed numerous perennial saline springs emerging along east-dipping thrusts in Upper 
Cretaceous strata. The springs are cold, near neutral, chloride-rich, chemically reduced, and 
locally discharge at high elevations and along ridgetops. The springs occur in areas of the western 
Sacramento Valley and eastern Coast Ranges known to have anomalously high fluid pressures at 
depth. We have performed stable-isotope analyses of the spring waters in order to determine their 
origin, and explore possible relationships between the springs, anomalously high subsurface fluid 
pressures and active crustal shortening.

RESULTS OBTAINED
Seismic reflection data reveal that the northeastern Coast Ranges mountain front and the 

Dunnigan Hills are underlain by a system of northeast-vergent blind thrusts. The style of mountain 
front deformation is similar to the growth and propagation of "triangle zones" found at the leading 
edges of many fold and thrust belts (Unruh and Moores, in press). Based on analysis of 
stratigraphic and structural relationships visible in seismic reflection profiles, initial thrusting 
occurred during late Cretaceous time or earlier (Unruh and Moores, 1990b; also, in prep.). The 
early thrusting occurred during plate convergence and east-dipping subduction beneath the 
ancestral Sacramento Valley forearc basin. Geophysical studies in the western San Joaquin Valley 
south of the study area suggest that accretionary prism rocks of the Franciscan assemblage may
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have been thrust beneath the Great Valley group forearc strata as an eastward-tapering tectonic 
wedge (Wentworth et al., 1984). Similar patterns of arcward-vergent thrusting have been reported 
in other forearc regions (Silver and Reed, 1988). In particular, arcward-vergent underthrusting of 
accretionary prism rocks was proposed by Tonini and Speed (1989) for the Tobago trough forearc 
basin, Lesser Antilles. If so, the Lesser Antilles arc-trench system may be useful tectonic 
analogue for inferring the deep structure beneath the Coast Ranges and western Great Valley of 
California (Unruh et al., 1991).

The blind thrusts beneath the Dunnigan Hills are reactivated structures. Stratigraphic and 
structural relationships provide evidence for several episodes of deformation. Forward kinematic 
modeling of the thrust system suggests an interplay between thrusting and forearc sedimentation. 
The models also suggest that cumulative shortening can not be accurately modeled by strict 
application of fault-bend fold geometries.

Tectonic-geomorphic studies indicate that Quaternary folding of the Dunnigan Hills above the 
blind thrusts has uplifted fluvial terraces and strongly influenced drainage system development 
(Munk et al. 1991a; 1991b; in prep.). Topographic profiles drawn on smoothed contours of the 
Dunnigan Hills reveal that the shape of the modern antiform is similar to the profile of a folded 
angular unconformity between Upper Cretaceous and Eocene strata visible in seismic reflection 
profiles. The elevation of the modern Dunnigan Hills is much less than the total tectonic relief on 
the folded unconformity, suggesting that similar episodes of shortening have occurred in this 
region during the Tertiary.

We have mapped and correlated deposits and geomorphic surfaces in key areas of the Dunnigan 
and Rumsey Hills. We have sampled and described soil profiles representative of the soils 
forming in deposits of varying age (30 backhoe pits). Field and laboratory investigations pertinent 
to the soil stratigraphy are on-going. Preliminary results of the soil Stratigraphic study indicate that 
the modern Dunnigan Hills are probably late Pleistocene in age. In addition to soil morphologic 
properties, age estimates are supported by radiometric dating of Pleistocene fossils (U/Th/Pa), 
charcoal (14C ) and tephrochronology. Andre1 Sarna-Wojcicki (USGS) has provided valuable 
support by sampling and correlating tephra beds located during the field investigations. We 
anticipate this study will produce a well constrained soil stratigraphy for the southwestern 
Sacramento Valley, and will provide a benchmark for future studies of Quaternary deformation 
and landscape evolution in this region.

Stable isotope data indicate that fluids from perennial saline springs emerging along thrust faults 
in the study area are indistinguishable from oil field waters, but are clearly distinct from local 
meteoric waters (Unruh et al., in review). We conclude that the springs represent formation waters 
from the Cretaceous Great Valley strata. Given the non-meteoric character of the fluids, the cold 
temperature of the fluids and perennial flow at high elevations and near ridgetops, we propose that 
the waters are being expelled under the anomalously high pressures reported at shallow depths in 
drill holes. The general coincidence of high fluid pressures with late Cenozoic uplift, folding and 
thrusting in the study area is consistent with models that relate excess fluid pressures to the 
movement of large thrust sheets. Further study of the relationship between perennial saline 
springs, thrust faults and active crustal shortening in the northern California Coast Ranges is 
planned.
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A three-dimensional P-wave velocity model for the San Jacinto fault zone has been constructed 
using traveltime data from local earthquakes in the Anza region. The purpose of this study is to 
improve the quality of small earthquake locations to facilitate similar-earthquake studies of source 
characteristics, to investigate the structure of the fault zone by revealing the geometry of fracture planes 
that are delineated by the earthquakes, and to acquire new information about the structure of the seismic 
gap through interpretation of the velocity model itself.

Modeling of the one-dimensional velocity structure revealed that most of the variation in seismic 
velocity was lateral rather than depth-dependent. A simultaneous inversion for earhquake locations and 
velocity structure was done using 9300 P-wave arrival times and 4700 S-wave arrival times from 560 
events (figure 1). Arrival times at stations of both the Anza Seismic Network and the Caltech-USGS 
Southern California Array were used. Constraints were applied that required velocity to increase with 
depth, minimized the second-derivative of the velocity function with depth, and satisfied borehole velo­ 
city measurements. It was found that by including station corrections in the model parameters, the vari­ 
ance of the traveltime data was by reduced 350% over that of the best fitting model with no station 
corrections. The improvement in location precision decreases accordingly. It was also found that some 
tradeoffs exist, with the size of the station corrections correlated with an offset in velocity as a function 
of depth. Figure 2 shows this tradeoff in misfit as a function of model norm.

Traveltime residuals calculated from the one-dimensional model are roughly 1.5 times the picking 
error and show coherent variation due to lateral variations of velocity that cannot be compensated using 
station corrections alone. 3D variations in the velocity model are required to fit the data. The picking 
error was evaluated by comparing multiple estimates of the pick time for a subset of the data and turns 
out to be approximately .02 seconds for P-waves and .05 seconds for S-waves. We have developed an 
algorithm to solve simultaneously for earthquake locations and the 3D P-wave velocity structure with 
the smoothest perturbation to the ID structure. Station corrections were included as free parameters in 
order to evaluate their tradeoff with near surface structure. The algorithm allowed the influence of the 
constraints on the size of the station corrections to be adjusted relative to the constraints on the smooth­ 
ness of the velocity functional so that a range of models could be recovered that satisfied the data. Fig­ 
ure 3 shows this tradeoff of misfit as a function of model norm. It was found that with lateral perturba­ 
tions of velocity on the order of 8%, the traveltime data could be predicted to the accuracy of the pick­ 
ing errors. In the limit where all the station corrections are near zero, the roughness of the velocity 
model near the surface increases drastically and relatively large anomalies appear directly beneath some 
stations indicating that some of the traveltime variation is most likely due due to local site structure. 
Between 3 and 9 km below sea level the resolution is adequate for reliable reconstruction of features on 
the order of 4-6 km size. In this region the relative lateral perturbations of the model are independent of 
the size of the station corrections. The most prominent feature at a depth of 3 km is a lower velocity 
region that runs subparallel to the fault (figure 4). This could be due to rocks being fractured in the 
fault zone. There is another distinct low velocity feature in the southeast, most obvious at 6 km depth, 
that cannot be explained by any obvious relation to fault structure. Between 6 and 9 km depth the 
relatively linear low velocity feature visible at 3 km appears to be broken up by a higher velocity
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feature that extends into the fault zone from the northeast side of the fault This feature happens to 
coincide with a 6 km segment of the fault that has a conspicuous absence of events. This may be evi­ 
dence for high seismic velocities to indicating regions where the fault is locked at depth.

The earthquake locations calculated with the three-dimsional structure show that the predominant 
effect of the lateral variations is to shift the locations approximately 400-600 meters to the northeast 
and to shift shallow events about 1 km deeper (figure 5). The coherent shift in locations allows us to 
conclude that when spatial patterns of events are used ex<imine to fault structure, a one-dimensional 
algorithm that includes station corrections is sufficient to chjiracterize the fine-scale details of the seimi- 
city. For studies in this region that depend on high precision locations to discriminate events that are 
suitable for similar earthquake comparisons, the correlated offset of events in an earthquake cluster 
show that relocating the events with station corrections preserves the same interevent distance as calcu­ 
lated using the full three-dimensional algorithm.
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Figure 1. Map showing the events and the stations used in the velocity inversions. The grid shows the 
region of the San Jacinto fault zone that was modeled with a 3D structure.
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Figure 2. Tradeoff curve for ID inversion showing contours of the Cffl**2 measure of misfit of the 
traveltime data as a function of the tradeoff parameters for model roughness and station correction size. 
Note that most of the decrease in misfit can be accomplished by applying station corrections to a very 
simple (i.e. small norm) model.
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Figure 3. Tradeoff curve for 3D inversion showing contours of the CHI**2 measure of misfit of the 
traveltime data as a funcion of model roughness and station correction size. Note that some lateral 
variation is required to fit the data to CHI**2 = 1.
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Investigations
Seismic data from the Shumagin seismic network were collected and processed to obtain digital 

waveforms, origin times, hypocenters, and magnitudes for local and regional earthquakes. The 
data are used for earthquake source characterization, determination of earth structure, studies of 
regional tectonics, analysis of possible earthquake precursors, and seismic hazard evaluation. 
Yearly bulletins are available starting in 1984.

Results
The USGS decided in early 1991 to cease support for Aleutian network operations. 

Accordingly, all remote stations in the Shumagin Seismic Gap were removed during the 1991 field 
season and network operations ceased at that time. Only one high-gain station remains, the broad­ 
band station in Sand Point, which was moved to a new, quieter site on land owned by the Sand 
Point School (informally referred to as SPS). In addition to this station, digital strong-motion 
instruments continue to be operated by Lamont in Sand Point and Dutch Harbor, and analog 
strong-motion instruments were left at four remote sites in the Outer Shumagins (BKJ, CNB, 
NGI, and SIM). Thus, the 1991 field season marks the end of eighteen years of near-continuous 
monitoring of the Shumagin Seismic gap. Following removal of USGS-supported networks, the 
entire Aleutian arc is monitored by three stations east of Kodiak (~2500 km of plate boundary): 
SDN, 160.5°W; ADK, 176.5°W; and SMY, 174°E.

Shumagin network data were used to locate 121 earthquakes from January 1 to June 30, 1991, 
bringing the total number of digitally recorded events in Shumagin network catalog to 5926 since 
1982. As the network was removed in the summer of 1991 (telemetry ceased on June 28), no 
further event locations from this project are anticipated. This number is somewhat lower than in 
previous years, because a substantial part of the network was removed in the summer of 1990. The 
seismicity for the first half of 1991 is shown in map view on Figure 1 and in cross section on 
Figure 2. Events shown by solid symbols are those events that meet the following quality criteria: 
located by 8 or more P or S arrivals, vertical error from Hypoinverse less than 10 km, and 
horizontal error less than 5 km. The same criteria were used for the comparison with the PDE 
catalog, discussed below (Figure 3). Other events are shown by open symbols. These criteria 
provide a rough indication of the location quality, and show that epicenters more than 100 km from 
the nearest station are rarely well determined. Additional numerical tests of hypocenter stability 
show that when the entire network is operating, shallow events west of 166°W, east of 156°W, or 
seaward of the trench can not be reliably located. Also, depths of shallow earthquakes are only 
well-determined beneath the Shumagin Islands.

The overall pattern in Figures 1-2 resembles the long term seismicity. Seismicity is 
concentrated near the base of the main thrust zone between 25 and 40 km depth, and immediately 
above it within the overriding plate. Seismicity contours below 30 km depth parallel the volcanic 
arc, rather than the trench, and become closer to the trench west of the network (Figure 1). 
Seismicity appears to be sparse where the main thrust zone is shallower than 35 km, between the 
Shumagin Islands and the trench. Deeper seismicity extends to depths of 200 km. Some locations 
near 100 km depth on Figure 2 correlate with the lower plane of the double seismic zone seen in 
long-term seismicity.
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The most significant activity in the Shumagin area was a MS = 6.7 event on May 30, 1991. 
The event was located in the Sanak basin, in a region characterized by persistent localized low-level 
seismicity; this cluster has been evident throughout the period of network operations. The May 30 
event was determined to have a shallow thrust mechanism from teleseismic body-wave inversion, 
at a depth of 30±5 km. The mechanism, depth, and location are all consistent with this earthqake
being due to thrusting on the main plate interface. The 
makes this event the largest to have been recorded in th

urface-wave magnitude (6.7) formally 
Shumagin region since the advent of

regional monitoring in 1973, although the event is not significantly larger than MS = 6.5-6.6 
events in 1983, 1985, and 1987, and is significantly smaller than major regional events of 1917 
(MS = 7.4), 1946 (MS = 7.4), and 1948 (Ms = 7.5).

Three primary tasks were accomplished in the Summer 1991 field season. First, all 
telemetered equipment was removed and remote sites (all in wildlife refuges) were cleaned up. The 
only exceptions are the four analog strong-motion recorders (SMA-l's) mentioned above, and 
physical structures for 4 sites near volcanoes left for the Alaska Volcano Observatory. Second, 
locations were redetermined using GPS surveying equipment at all sites not previously removed 
(Table 1). All locations are single-station 3D locations m&de with Trimble recorders made while 
Selective Availability was turned off. Differences with previous locations were a few to a couple 
tens of meters at most, except for one site (BKJ) whose previous location was in error by ~600 m.

The third significant accomplishment of the 1991 field season was the successful moving of 
the Sand Point broad-band station to a new, quiet site at the town school (SPS). The Guralp 
CMG-4 sensors were placed a pier poured directly on bedrock, enclosed in a small, low structure. 
Recording is done continuously at the school on a Sun-based system, where data is available via 
modem for up to one week. After that, data is written to t£pe and mailed to Lament. Broad-band 
data is digitized at two gains at 20 samples per second, 1(2 bit samples, producing 6 continuous 
records. The local school district plays an active role in station operations. The station would make 
a good site for National Network deployment in the Aleutians. This instrument has provided high- 
quality records since late July, 1990 when it was configured in this mode at the old Sand Point
station, and provides data that are being used for detailed source and propagation studies.

\
Now that future monitoring will be done solely by teleseismic recording, it is worthwhile to 

assess differences between local and teleseismic locations. We have correlated the Shumagin 
catalog with the PDE catalog from 1982 to 1990 (Figure 3; see caption for details). The most 
significant differences are a location bias and a magnitude bias. PDE locations are systematically 
located arcward relative to Shumagin Network locations, probably because of the high-velocity 
downgoing slab. Events beneath the Shumagin Islands (159°W - 161°W) are located to within a 
few km by the local network; here PDE locations are 25-f iO km closer to the arc. Events lower in
the slab (near 56°N) and farther from the network show
biasses for earthquakes directly beneath the Shumagin Islands are probably most reflective of 
systematic errors in teleseismic locations, rather than in Network locations, and indicate that
teleseismic locations cannot be relied upon to better than

larger biasses (40-100 km). Location

25-50 km. These biasses are generally
attributed to the effect of the high-velocity slab on travel times.

The Shumagin magnitudes are systematically lower than the PDE magnitudes, by 0-1 units but 
with significant scatter. Shumagin magnitudes are based upon maximium peak-to-peak amplitudes 
in the early part of the P wavetrain, corrected for the instrument response at the dominant 
frequency. It is not known what causes this discrepancy, but we suspect that it may be due to 
scale saturation for Shumagin stations above magnitude 4r, for these events the high-gain stations 
are on scale but the P wavetrain shows significant energy over several cycles. The high-gain 
channels are off-scale for larger events, and Shumagin magnitudes are based upon other 
measurements.
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TABLE 1.
Station
bal
bkj
blh
cdb
cnb/cnf
dig
drr
dutf
fsp
ivf
ngi
pn6
pn8
psl
ps4
pvv
sas/sai
sps
sgb
sim
snk
sqf/sqh
dt2
zkb

Shumagin Seismic Network, Stations
Latitude
55°11.60'N
55°09.64'N
55°42.15'N
55°11.50'N
54°49.22'N
55°08.39'N
54°55.44'N
53°54.00'N
54°56.44'N
55°53.75'N
55°02.37'N
55°27.12'N
55°26.62'N
55°25.41'N
55°21.23'N
55°22.45'N
55°20.36'N
55°21.05'N
55°32.76'N
55°55.20'N
54°28.44'N
55°13.23'N
55°09.91'N
55°19.16'N

Longitude
162*47.21'W
159°33.99'W
162°03.95'W
162°42.00'W
159°35.37'W
161°50.15'W
162°17.07'W
166°32.00'W
163°27.72'W
159°31.80'W
160°04.18'W
161°54.89'W
162°01.25'W
161°44.20'W
161°52.12'W
161°47.45'W
160°29.91'W
160°28.48'W
160°27.30'W
159°15.50'W
162°46.52'W
160°33.86'W
162°13.83'W
160°45.08'W

1982-1991
Elev.
366
170
390
25
100
350
390
25
275
275
270
814
605
300
560
180
23
90
290500'

159
310
660
250

(m) Method

GPS

GPS
GPS
GPS

GPS

GPS(2D)
GPS
GPS
GPS
GPS
GPS

GPS
(AVO Station)

GPS

Instruments
SPZ

SPZ,SMA
SP3

SMA
SP3;FBA;SMA

SPZ;SMA
SPZ;SMA

SSA
SPZ

SPZ;SMA
SPZ;SMA

SPZ
SPZ
SPZ
SPZ
SP3

SP3;BB;SSA
BB

SP3;SMA
SMA

SPZ;SMA
FBA
SPZ
SPZ

Instruments: SPZ, short-period vertical velocity sensor (Geospace HS-10, 1 Hz); SP3, 
short-period 3-component sensors (Geospace HS-10, 1 Hz); SMA, analog strong-motion 
accelerometer (Kinemetrics SMA-1); FBA, telemetered 3-component force-balance 
accelerometer (Kinemetrics FBA-3/FBA-13); SSA, digital srong-motion accelerometer 
(Kinemetrics SSA-1); BB, 3-component broad-band (Guralp CMG-4; 0.05 Hz corner). 
Underlined instruments remain deployed as of July, 1991.
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Figure 1. Map of seismicity located by the Shumagin seismic network from January to June, 1991. Symbol shapes 
show depths, sizes show magnitudes. Filled symbols meet criteria for well-located events, described in text.
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Figure 3. Comparison of Shumagin catalog data, 1982-1990, with the PDE catalog. A total of 260 matching 
events are found with PDE locations between 164°W and 204°W, of which 120 have Network locations that meet 
the quality criteria discussed in text. Only these 120 events are plotted, and the subset of these with magnitudes is 
shown in the inset. Solid circles are Network locations, vector tips are PDE locations. Triangles are Network sta­ 
tions. Inset shows comparison of body wave magnitudes between Shumagin catalog and PDE (each magnitude is 
randomly perturbed by up to 0.05 units, for display purposes).
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Pinon Flat Observatory: 
Comparative Studies and Geophysical Investigations

14-08-0001-G1763

Duncan Carr Agnew, Frank K. Wyatt,
James W. Happer, and Haoley O. Johnson

Institute of Geophysics and planetary Physics
Scripps Institution of Oceanography
University of California^ San Diego

LaJolla, CA 92003-0225
(619)534-2411

This grant provides support for collaborative studies with several USGS-sponsored inves­ 
tigators conducting research at Pihon Flat Observatory (PFO). The initial aim of this work was 
to evaluate instrumentation developed for the measurement of ground deformation, the idea 
being to operate simultaneously a number of continuously recording sensors and small geodetic 
arrays, and, by direct intercomparison, to identify the merits and limitations of the various tech­ 
niques. Good progress has been made in evaluating the instruments in a common setting and 
in establishing better bounds on the behavior of the crust in this technically active area. As 
instrument work has progressed the focus of the work has naturally shifted to the use of the 
combined results to learn more about the earth.

One of our current efforts is a cooperative project with Dr. John Langbein, and involves 
the USGS two-Color EDM data from the networks around Pinyon Flat (shown as solid lines in 
the top panel of Figure 1). Over its range (< 10 km) the two-color EDM has an error of 0.3 to 
1.0 mm, lower than any other so far established or even expected in the near future. At these 
levels, we would expect monument motion to become a source of error, as has indeed occurred 
at the two-color network in Parkfield. There is clear evidence for similar difficulties in the 
nominally much-better-rock at PFO. The bottom panel of Figure 1 shows the line-length 
changes on two nearly parallel lines in the Pinyon two-color network, which run from the cen­ 
tral mark (Green) to colocated monuments PF5 and PF5A. Since both these lines run nearly 
NW-SE, we can compare length changes in them with the NW-SE laser strain data; rather than 
scaling the length changes to strain we have scaled the strainmeter data to equivalent length 
changes over the geodetic line. It seems clear that the geodetic data have fluctuations of 
several mm; these are much larger than the error in the measurement (which is shown by the 
error bars, and confirmed by the small scatter of points taken close together in time), and very 
much larger than what the strainmeter shows. We attribute this error to monument motion, 
probably at the far ends of the lines, since if the central point were to move the changes would 
be the same for both. Such monument motion is potentially a significant part of the error 
budget for many other techniques. With proper anchoring, however, monument motions can 
be greatly reduced, as the laser strainmeter data show. 1

the1 Note that because of the scaling of the strainmeter data, 
are about one fifth of the of what indicated on the figure, and amounts

physical displacement of its monuments 
to only -0.2 mm.
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This network also gives us a chance to compare GPS with other types of measurements. 
The two-color networks around Pinyon Flat offer many lines that can be occupied by both sys­ 
tems. As mentioned earlier, over the span of this network (and the other ones nearby), the 
two-color system is the most precise available with 1 mm or better precision, it's better than 
has been shown for GPS. A systematic comparison of the two should teach us about both sys­ 
tems. Even though length scales of -10 km are extremely relevant to fault-mechanics studies, 
achieving the maximum possible accuracy with GPS over these distances is relatively 
neglected. At very short distances (< 1 km), mm-level GPS repeatabilities can best be gotten 
with a weighted combination of the solutions of the two frequencies L l and L 2; the differential 
ionospheric contribution is so small that the ionosphere-free observable Lc adds noise. At 10 
km or more, use of LC starts to become advisable (Y. Bock, pers. comm.); the appropriate 
weighting of different observables over spans of several km, and the accuracies that can be 
attained, are still matters of open research. Such studies can be best pursued if there is a stan­ 
dard of comparison available, and the two-color data provide us with this indeed one that is 
potentially good to 0.5 mm or so.

The comparison is not straightforward, however, because of the nature of the two-color 
Terrameter measurements. This system does not in fact measure the absolute distance; unlike 
most EDM's it does not measure the phase of a signal modulated at different frequencies, but 
varies the modulation frequency until a null is found, meaning that there are an integer number 
of wavelengths, K, in the optical path. This is done for two colors, red and blue, giving two 
frequencies fr and /*. If fr and /* are separated by -42 kHz (which is what is done), K is 
the same for both. The relationship between the line distance D and the measurements is then

1 

f
-A r J_

cb
ct

where c is the speed of light, A r is related to the ratios of the index of refraction of red and 
blue light (and is found from end-point meteorological data) and C T is an instrument (and 
reflector) constant. If the instrument is used to find only changes in D (as it usually is), C T 
drops out and one needs only a rough estimate of K; this is done using a measurement over a 
nearby line with an HP3808 EDM. However, if we seek to compare absolute lengths, we need 
to know both of these, neither of which is usually found. We believe that combined measure­ 
ments over a number of lines will enable us to adjust for these quantities, thus learning some­ 
thing about the Terrameter as well as about GPS. Our goal is to combine these data to deter­ 
mine absolute distance on the 2-color lines to within the submillimeter precision of the Terram­ 
eter measurements.

We have already made one trial comparison over two of the lines of the Pinyon network. 
Last summer we measured the two lines from the two-color mark at Green (the center station) 
to PFO with Trimble receivers, and also the (2 meter) offset from the two-color to the HP3808 
mark. The resulting line lengths (both about 4.5 km) can be compared to the HP3808 values, 
corrected for index of refraction using the two-color data; the numbers agree to within 1 mm in 
one case and 3 mm in the other; in terms of proportional line-length, 2xlO~7 and 7xlO~7 . This 
level is perhaps better than we have any right to expect, but very encouraging: it implies that 
we are headed in the right directioa

Since the spring of 1990 a continuously-operating GPS network (the PGGA) has been 
running in Southern California over baselines of -100 km. A somewhat shorter scale is of 
interest for fault studies, and we, like many others, have been eager to try the experiment of a
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"GPS strainmeter": two receivers, operating continuously, separated by about 10 km. 
Together with Dr. Yehuda Bock, we have begun such measurements with the goal of interpret­ 
ing the results in terms of the deformation patterns already known for the area from USGS 
Geodolite, USGS Two-Color and UCSD laser strainmeter records.

The upper panel of Figure 1 shows the locatiori of our new GPS line, extending west 
from PFO to a site at Pine Meadow, 14.124401 km a^ay. The Pine Meadow installation was 
made permanent at the beginning of Spring 1991, and since then we have been running one of 
our SIO Trimble receivers there, connected to a PC which, using software from Trimble, 
operates it as a continuous tracker; a high-speed modem is used to download the data nightly 
into the same computer at IGPP which collects the PGGA data. Another Trimble (on loan 
from Dr. Jackson of UCLA, another collaborator in this study) is installed at PFO, on the 
secondary deeply-anchored mark there.

Processing of these data has proceeded fairly smoothly; as often is the case in GPS stu­ 
dies, the biggest difficulties have come with the data from the other (fiducial) stations needed 
to constrain the satellite orbits. We have therefore focussed on a period of the summer of 
1991 for which precise orbits were generated by Dr. Bock as part of the PGGA project, using 
data from a global network of P-code receivers. We are investigating a variety of processing 
options (e.g., using broadcast orbits, different observables, and different constellations); once 
the data have been cleaned, this is easy to do, and the large number of days of data available 
means that we can have a high level of confidence in any changes that appear as a result. Fig­ 
ure 2 shows some results for the line from the Trimble tracker at PFO to the station at Pine 
Meadow, and also the 50-meter line between the Trimble and Rogue continuous trackers (both 
on anchored monuments) at PFO. Over the longer Ifcie the standard deviation of the North- 
South relative displacement is 8 mm; for the East-West (and length) it is 5 mm, and 14 mm for 
the vertical. For the shorter line the equivalent numbers are 0.7 mm, 1.0 mm and 1.3 mm. All 
these numbers are somewhat preliminary^ as they stand (i.e., even after considerable effort in 
data processing), they do not appear to give length measurements quite comparable to the 
observed repeatability of Geodolite measurements over 10-15 kilometers. There is also some 
hint of correlation from day to day (especially in the vertical); it may be that GPS, like other 
deformation measurement techniques, has more noise at low frequencies than high.
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Seismological Data Processing

9930-03354 

Greg Alien, Moses Smith

Branch of Seismology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo, Park, Ca. 94025

(415) 329-4695

INVESTIGATIONS

This project provides services for UNIX computers and PCs in the 
areas of network management and maintenance, computer system 
management, installation, backups, maintenance, and user 
assistance. There are currently 21 UNIX computers in the Branch 
of Seismology: an Integrated Solutions Inc., multi-user system; 
a SUN 4/280 fileserver; 6 SUN SPARCstation Is; 6 SUN 3/60 
workstations; 2 SUN 3/50 workstations; 1 SUN 3/80 workstation; 
1 SUN SPARCstation SLC; 2 SUN SPARCstation 2s; 1 SPARCSTATION ELC, 
This project also maintains a NOVELL network of 7 PCs (MS-DOS), 
for the branch administrative staff.

RESULTS

Gave general user assistance with the use of UNIX systems.

Did monthly and nightly backups of the ISI and SUN computers.

Maintained the RTP data system buffer service to branch UNIX and 
VAX computers.

Maintained the branch administrative office's Novell PC network. 

Prepared computer hardware and software maintenance contracts. 

Maintained and upgraded UNIX application software. 

Arranged for various hardware repairs for the UNIX computers.

Extended the SUN data communication sub-net from building 7 
to building 8.
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Upgraded the SUN 4/280 file server hardware by adding a 1 gigabyte, 
SCSI disk, and 32 serial ports.

Upgraded the operating system of SUN workstations to SUN OS 4.1.1

Participated in the preperation of the new computer room facilities, 
and moved the SUN 4/280, ISI UNIX computer and the RTF monitoring 
workstation into the new computer roomL

Installed 2 SUN SPARCstation 2 and 1 SUN SPARCstation ELC computers.
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REGIONAL AND LOCAL HAZARDS MAPPING IN 
THE EASTERN GREAT BASIN

9950-01738

R. Ernest Anderson
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1584

INVESTIGATIONS

Although funded primarily by a Gilbert Fellowship, the following investigations contribute to the NEHRP in 
terms of understanding the attitude, geometry, and interconnectedness of potentially active normal fault systems.

1. Prepared report detailing investigations of the three-dimensional Neogene strain field in the Mormon 
Mountains area, Nevada-Utah.

2. Conducted Held studies of selected aspects of the three-dimensional Neogene strain Held in the Lake Mead 
area, Nevada-Arizona.

RESULTS

1. The Mormon Mountains area is one of the "breeding grounds" for modern concepts of extensional 
deformation-in particular, the concept that large-magnitude extension takes place by uniform-sense 
displacements on stacked systems of regionally distributed low-angle detachment faults. This concept does 
not agree with the historic record of large normal-faulting earthquakes, which lacks conclusive evidence of 
displacements on low-angle normal faults, and is inconsistent with measured and assumed stress conditions 
in the upper crust. A field study of these "breeding grounds" was conducted to evaluate whether or not the 
concept is well-founded. Many results of the study are at variance with the concept. In particular, we find 
no evidence in either the geologic or geophysical data for the high degree of lateral continuity and 
interconnectedness of faults required by the concept and purported by fault correlations over long distances. 
Instead, we find extreme lateral heterogeneity in deformational style and magnitude. This heterogeneity 
includes abrupt lateral contrasts in vertical structural relief as well as in the distribution of strike-slip 
faulting and associated folding. A surprising outcome of our study is that the strain field includes major 
elements of plan-view contraction normal to the direction of extension. Preliminary analysis indicates that 
the amount of this contraction, when combined with the more widely known vertical contraction (structural 
attenuation) may equal the amount of extension, thus revealing balanced three-dimensional coaxial strain.

2. Preliminary results of field studies in the Lake Mead area indicate that synorogenic magmatism played a 
critical role in Neogene crustal rifting and extensional deformation. Although the large-volume inflation 
of the upper crust by plutons allows us to estimate the direction, amount, and age of two-dimensional 
rifting, it precludes understanding the three-dimensional strain partitioning from analysis of faults and folds. 
However, major postintrusion faulting and folding provide clues suggesting that meridional collapse and 
extension-normal contraction are important elements of the Neogene strain field in the Lake Mead area.
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REPORTS

Anderson, R.E., 1991, Relationship between Miocene plutonism, uplift, and extension, Lake Mead area, 
northwesternmost Arizona and adjacent Nevada: Geological Society of America Abstracts with Program, 
v. 23, no.5, p. A245.

Barnhard, T.P., and Anderson, R.E., 1991, Tectonic significance of dike orientations in the Lake Mead area of 
Nevada and Arizona: Geological Society of America Abstracts with Program, v. 23, no. 5, p. A233.

Anderson, R.E., and Barnhard, T.P., in press, Heterogeneous Neogene strain and its bearing on horizontal 
extension and horizontal and vertical contraction at the margin of the extensional orogen, Mormon 
Mountains area, Nevada and Utah: U.S. Geological Survey Bulletin 2011, 80 ms p., 31 figs.
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Regional Seismic Monitoring Along The Wasatch Front Urban 
Corridor And Adjacent Intel-mountain Seismic Belt

14-08-0001-A0621

W. J. Arabasz, R. B. Smith, J. C. Pechmann, and S. J. Nava 
Department of Geology and Geophysics

University of Utah
Salt Lake City, Utah 84112

(801) 581-6274

Investigations

This cooperative agreement supports "network operations" associated with the University 
of Utah's 81-station regional seismic telemetry network. USGS support focuses on the seismi- 
cally hazardous Wasatch Front urban corridor of north-central Utah, but also encompasses 
neighboring areas of the Intermountain Seismic Belt. Primary products for this USGS support 
are quarterly bulletins and biennial earthquake catalogs.

Results (April 1 - September 30,1991)

General accomplishments. During the report period, significant efforts related to: (1) 
implementation of a distributed computer system (4 SUN Spare 2 workstations with optical- 
disk data storage) for processing and analysis of network data and data from portable seismo­ 
graphs; (2) experimental use of 4 REFTEK digital recorders for supplementing regional- 
network data collection; and (3) continued upgrading of site hardware and electronics at field 
stations that have been operating since the mid-1970s.

Network Seismicity. Figure 1 shows the epicenters of 440 earthquakes (M £ 3.8)
L*

located in part of the University of Utah study area designated the "Utah region" (laL 36.75°- 
42.5°N, long. 108.75°-114.25°W) during the six-month period April 1 to September 30, 1991. 
The seismicity sample includes eight shocks of magnitude 3.0 or greater (labeled in Fig. 1) and 
five felt earthquakes (M = 3.8, 2.9, 2.8, 2.6, 2.5).

The largest earthquake during the six-month report period was a felt shock of M 3.8 on 
April 20, 1991 (12:56 UTC), located 4 km north of Paragonah, in southwestern Utah. This 
earthquake was part of a swarm of 119 earthquakes that occurred mostly in late April 1991. 
Swarm activity such as this has been observed in southwestern Utah in the past and is not con­ 
sidered unusual. Approximately twenty-five percent of the seismicity detected during the report 
period was associated with an area of ongoing coal-mining related seismicity, located 20-90 km 
SW of Price in east-central Utah (100 shocks, 1.6 < M < 2.9).

Reports and Publications

Nava, SJ. (1991). Earthquake Activity in the Utah Region, July 1 - September 30, 1990, Sur­ 
vey Notes (Utah Geological and Mineral Survey) 24, no. 3, 19; October 1 - December 31, 
1990, Survey Notes (Utah Geological and Mineral Survey) 24, no. 3, 32.

135



II

Nava, S.J. (1991). Earthquake Activity in the Utah Region, January 1 - March 31, 1991, Sur­ 
vey Notes (Utah Geological and Mineral Survey) 24, no. 4,10.

Nava, S.J. (1991). Earthquake Activity in Utah, October 1 - December 31, 1990, Wasatch 
Front Forum (Utah Geological and Mineral Survey) 7, nb. 2, 2.
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Figure 1. Earthquake Activity in the Utah Region, April 1, 1991, tirough September 30, 1991. Stars indicate 

shocks of magnitude 3.0 or greater.
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Holocene Paleoseismology in Western Washington State

Projects 9540-04004 (fiscal year 1991), 9540-10180 (1992)

Brian P. Atwater 
U.S. Geological Survey at University of Washington AJ-20

Seattle, WA 98195 
(206) 553-2927 PTS 399-2927

INVESTIGATIONS

Alaskan archives of a great earthquake. A ten-day field study near 
Anchorage focussed on the geologic record of the 1964 Alaskan earthquake. 
Members of the field party included a dendrochronologist (Dave Yamaguchi), a 
micropaleotologist (Eileen Hemphill-Haley), and visitors (Gary Carver, Rod 
Combellick, Lou Gilpin, Mark Hemphill-Haley, Gordon Jacoby). Records studied 
included killed and surviving trees, intertidal silt that has accumulated on 
1964 soils, and gravelly intrusions.

High-precision dating of coastal subsidence about 300 years ago along 
the Cascadia coast. A report on such dating in Washington was finalized and 
published. New samples were cut from spruce stumps at the Nehalem River 
estuary, in northern Oregon. Rings from previously collected samples from 
Humboldt Bay, California, were removed and then submitted to the isotope lab 
at the University of Washington.

Study of vented sand in southern coastal Washington. The timing of 
venting was studied in 18 trenches with total length of 135 m, at a diked tidal 
marsh along the Copalis River. The source of the sand was studied through 
drilling of 60 boreholes, the longest 43 m deep.

RESULTS

The most surprising yet frustrating results came from the study of 
vented sand along the Copalis River. This sand provides no conclusive 
evidence either for or against strong Holocene shaking along the subduction- 
zone coast in Washington.

As interpreted in 1990 (Atwater, in press), the vented sand indicates 
earthquake-induced liquefaction about 1100 years ago. Extensive trenching 
and hand-coring in 1991 confirmed this age and further showed that the 
venting was copious: 50,000 cubic meters of sand across an area 1/2 km on a 
side. But hand coring and power drilling in 1991 showed that the sand has 
no likely source shallower than 35 m. By contrast, earthquakes up to 
magnitude 7.5 are not generally regarded as capable of causing sand to vent 
from depths greater than 10 or 15 m. If the 1100-year-ago venting along the 
Copalis River resulted primarily from shaking during an earthquake, that 
earthquake was probably much larger than magnitude 7.5. But the likely 
depth to the sand source is so great that the venting probably resulted less 
from shaking than from crustal deformation that squeezed deep aquifers, 
uncorked water already at high pressure, or liquefied sand through crustal 
faulting.
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One could argue against strong Holocene shaking in coastal Washington 
by citing an absence of recognized evidence for earthquake-induced 
liquefaction features in the area of 1100-year-ago venting along the Copalis 
River. Little if any sand vented in this area during inferred plate-boundary 
earthquakes 300 and 1700 years ago. But with a source sand more than 35 m 
deepi copious venting along the Copalis either requires shaking so extreme, or 
has so little relation to shaking, that earthquakes 300 and 1700 years ago still 
could have been strong.

REPORTS

Atwater, B.F., Stuiver, M., and Yamaguchi, D.K., 1991, Radiocarbon test of
earthquake magnitude at the Cascadia sufcduction zone: Nature, v. 353, 
p. 156-158.

Atwater, B.F., 1992, Earthquake-induced subsidence and liquefaction along the 
Oopalis River, southern coastal Washington: Journal of Geophysical 
Research (in press).

Atwater, B.F., Nunez Jimenez, H., and Vita-Finzi, C., 1992, Net late Holocene
emergence despite earthquake-induced submergence, south-central Chile, 
in Ota, Y., Nelson, A.R., and Berryman, K., eds., Impacts of Neotectonics 
on Quaternary Coastal Evolution: Quaternary International (in press).
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Long Baseline Tiltmeters: Southern California

Grant No. 14-08-0001-G1790

John Beavan
Lamont-Doherty Geological Observatory of Columbia University, Palisades, New York 10964 

Tel: (914) 359-2900; Fax: (914) 359-5215; e-mail: beavan@lamont.ldgo.columbia.edu

Investigations
We are analysing data from a 535 m long-baseline half-filled water tube tiltmeter that has 

operated for eight years at Pinon Flat Observatory (PFO) in the San Jacinto Mountains of 
southern California. This analysis, in conjunction with analysis of data from a similar 
instrument by the University of California, San Diego (UCSD), is used to investigate:

(1) sources and magnitudes of noise affecting the tilt signal;
(2) methods of referencing tiltmeters to depth;
(3) interpretation of tilt signal.

We also work on the development of improved water level sensors for future tiltmeter 
installations, and are testing prototype sensors on the Mammoth Lakes long baseline tiltmeter.

Results (November, 1991)

1. Tiltmeter Sensor Development
Development of a prototype simple absolute sensor (USGS Open File Report 90-54, pp 

163-165, 1989) is complete, and two prototypes have been installed at Mammoth Lakes, 
California. The power requirements have been reduced to about 250 mA at 12 V; since most of 
the electronics can be turned off between samples this makes the instrument potentially 
operable from batteries for extended periods of time.

The CCD sensors were installed in vaults B and C on the E-W (N100°E) arm of the 
Mammoth Lakes long fluid tiltmeter, in parallel with the existing interferometer sensors. Early 
data from the CCD sensors are compared with the interferometer data in Figures 1 through 3. 
As expected, the noise level on the CCD sensors is somewhat higher than on the 
interferometers (Figure 1). However, it generally appears to be much better than the design 
goal of 0.2 pixel (2 jam on CCD, 1.4 jam water height). There have been a couple of teething 
problems with the Mammoth installation, though neither were connected with the CCD part of 
the system, which so far has performed flawlessly. The long gap in the vault C water height 
data (Figure 2) was the result of a manufacturing defect in the single-board computer that 
controls the data sampling. (This defect was the subject of a manufacturer recall, and the 
offending board has now been replaced.) The shorter data gap in vault B was the result of 
corrosion in the anodized aluminum end reservoirs that we had used to reduce costs in the 
development of the prototype sensors. In both cases the measurement datum was preserved 
across the data gap, giving a striking indication of the value of the "absolute" measurement 
provided by the CCD sensors. The tilt derived from the CCD sensors is compared with that 
from the interferometers in Figure 3. The long wavelength differences between the two signals 
is probably a result of the different temperature coefficients of the CCD and interferometer end 
reservoirs. This problem will be addressed when a field version of the CCD sensor is 
constructed.
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Figure 2.
Comparison of data from interferometer and CCD sensors at Mammoth Lakes between 
May and November 1991. Upper plot: vault B; lower plot: vault C. The B-C arm of 
the tiltmeter is oriented 80°W.
The very long gap in the vault C CCD data was due to a defective computer. However, 
the great advantage of the CCD sensor is that the datum of the water level record has 
been preserved across this long gap. The shorter gap in the vault B CCD data was due 
to corrosion in the CCD end reservoir, but the datum has likewise been preserved 
across the gap. Gaps in the interferometer data have been treated in the traditional 
fashion of matching data by eye across the gap.
The long term differences between the CCD and interferometer data in each vault look 
very much as though they are correlated with temperature. This is not surprising 
since the sensors are made of different materials, and no attempt has yet been made 
to minimise the temperature coefficient of the CCD sensor.
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Mammoth Lakes tilt in azimuth N100°E derived fro|m interferometer sensors, and
from CCD sensors. Both data sets have been corrected for vault instability using the
vertical strain signal between the vault and the bottom of a borehole. Note that the
datum of the CCD-derived tilt is preserved despite the long data gap.
The thickness in the lines is caused by the tidal signal, whose peak-peak amplitude
can reach about 0.2 urad.
The "long-term" tilt rate appears somewhat higher in the CCD-derived data. This
may result from the high temperature coefficient of the CCD end reservoir, a
problem that will be addressed in the next version of the sensors.
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2. Mammoth Lakes Tilt Data
The past two years of tilt data from the long base tiltmeter at Mammoth Lakes, as edited and 

corrected at Lament, is illustrated in Figure 4. Corrections for vertical strain (i.e., vertical 
motions of the end piers relative to the bottoms of the boreholes) have been made using data 
from the vertical strainmeters installed by Roger Bilham in late 1989. No temperature 
corrections have yet been made, but these do not appear to be particularly significant. Figure 
4a shows corrected and edited data from the individual tilt components. Figure 4b is a 
presentation of the tilt vector data that shows the monthly-averaged path that the point of a 
freely hanging pendulum would describe with respect to the ground. These plots all 
demonstrate the rapid deformation episode that has been occuring since late 1989 (Langbein et 
al, 1990). The data describe a tilt rate of ~5 firad/yr at the start of 1990, decreasing to ~2 
firad/yr later in the year. The deformation episode had more or less ceased by early 1991, but 
appears to have picked up again later in 1991. The azimuth of the tilting has been fairly 
constant near 130° throughout the episode. This is consistent with the model developed by 
Langbein (1990) to fit the 2-color geodimeter data.

3. PFO Tiltmeter Data Analysis
The analysis of the Pinon Flat tiltmeter data was discussed in USGS Open File Report 90- 

334, pp 165-168. The micrometer intercomparison experiment between the LDGO and UCSD 
tiltmeters has now been terminated. The LDGO interferometers at PFO continue to collect data 
in a zero-maintenance mode. We are embarrassed that the results from this experiment have 
not yet been published, but we are taking concrete steps to see that this happens: during the Fall 
of 1991, Duncan Agnew is planning to spend part of his sabbatical at Lament, and this will 
present a golden opportunity to wrap up the analysis and writing up of the tiltmeter 
intercomparison experiment.

References
Langbein, J.O., D.P. Hill, T.N. Parker, S.K. Wilkinson and A.M. Pitt, Renewed inflation of the resurgent 

dome in Long Valley Caldera. California, from mid-1989 to mid-1990, Eos, 71,1466.

Publications during this reporting period
Pratusevich, G., J. Beavan, J. Behr and R. Bilham, CCD Sensors and Mammoth Lakes Tilt 
Data (abstract), EOS, 72, 505,1991.
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Figure 4.

1990-91 data recorded by long baseline tiltmeter at Mammoth Lakes, Ca.
(a) edited and vertical-strain corrected data from the two tilt components.
(b) evolution of tilt vector throughout 1990 anc 1991, represented as 
monthly means of tilt. The inflation episode that began in late 1989 had 
more or less died out by early 1991, but appears to have regenerated to 
some extent later in the year. The tilt direction remains consistent at 
about N130°E, indicating that the signal probably results from continuing 
inflation centered on the resurgent dome.
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Crustal Deformation Measurements in the Shumagin Seismic Gap, Alaska
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John Beavan
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Investigations
1. Twelve short (~ 1 km) level lines are measured every one to three years within the Shumagin 
seismic gap, Alaska (Figure 1). Surface tilt data are interpreted in terms of tectonic deformation 
and earthquake hazard at the Pacific-North American plate boundary.
2. Six absolute-pressure sea-level gauges (Figure 1) are operated in the Shumagin Islands in an 
attempt to measure vertical deformation associated with the Aleutian subduction zone.
3. The sea-level data are transmitted by satellite in near real time, and are examined for possible 
tectonic signals. Noise studies are used to determine the relative usefulness of different types' of 
measurement, and to evaluate the minimum size of tectonic signal visible above the noise. Our 
data are compared with other crustal deformation data from the Shumagin gap.
4. In cooperation with USGS Menlo Park scientists, we are making GPS survey measurements in 
the Shumagin Islands.

Results (November 1991)

Figure la. Location of the Shumagin Islands 
with respect to the trench and the volcanic 
arc. Depth contours are in metres. The 
seismic gap stretches from approximately 
Sanak Island in the west to about 30 km cast 
of the Shumagin Islands. Also shown are the 
sites of six sea-level gauges operated by 
LDGO and one by the National Ocean Survey 
(at SDP). Level lines of approx. 1 km 
aperture are located on many of the Shumagin 
Islands, and on Sanak Is.

I64°W 162° 158°

Self-contained sea level gauges
The self-contained sea level gauges that we started to deploy in 1990 were recovered in the 

summer of 1991 after their first year of operation. The rationale behind these gauges is that they 
remove the weakest link in our previous system - the cable running through the surf zone from the 
underwater gauge to the electronics and data transmission system on land. The cable system will 
be retained at the more sheltered sites (PRC, EGH, SIM) in order to provide near-real-time data 
from a subset of sites.

One of the self-contained gauges was unfortunately washed away during the winter due to 
corrosion of the bolts used to attach the gauge to the rock. We improved the mounting system in 
our 1991 installations. Data were recovered from the other two self-contained gauges, and our 
electronics and recording system had behaved flawlessly in both cases.
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Figure Ib. The Shumagin Islands, showing 
the locations and directions of first-order 
level lines, whose lengths vary between 
600m and 1200m. The resultant of the data 
from lines SDP and SQH is used to estimate 
the tilt direction in the Inner Shumagins. 
The resultant of SIM and SMH is used for 
Simeonof Island. The lines at CHN and 
PRS each consist of two approximately 
straight sections in different azimuths, with 
benchmarks at the junction. This non-linear 
geometry allows tilt direction to be 
estimated at these sites. Two sets of 
perpendicular level lines have also been 
installed on Sanak Island, at the western end 
of the seismic gap (see Fig. 1). One of 
these, at the SE end of the island was 
measured in 1988 and 1990. The other, at 
the NW end, was first measured in 1990.
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Level Lines
Due to exceptionally good weather during the 1991 field season, a large subset of the 

Shumagin Island level lines were measured during 1991 (Figure 2). The Sanak lines were not 
measured, and these will be given top priority during the 1992 field season. The data, particularly 
from the outer islands (Figure 2b) showed some interesting changes from their previous 
behaviour. Until next year's measurements we cannot unequivocally determine whether these 
changes are a result of statistical variability, or whether they represent real tilt signals. An overall 
view of the data still appears to indicate arcward tilting in the outer islands (Fig. 2b), and 
trenchward tilting in the central and inner islands (Fig. 2a), though this conclusion is less 
convincing with the addition of the 1991 data. *

Differential Sea Level
All available differential sea level data from the 1976-91 period have been reanalysed. 

Results from the sites with the longest history are shown in Figure 3. Each plotted point 
represents the average sea level difference over a 3 month interval. If the data are interpreted by a 
constant differential uplift rate, then the outer islands appear to have been subsiding relative to the 
inner islands at about 4±1 mm/yr. If only the higher quality ^ost-1985 data are used, there is still 
an apparent relative subsidence of the outer islands at 1.8±lj2 mm/yr. These motions are in the 
same sense as are predicted by simple models of strain accumulation at a locked subduction zone 
[e.g., Savage, 1983], but are almost an order of magnitude smaller. All other deformation data 
collected in the Shumagins have likewise shown rates smaller, sometimes much smaller, than the 
rates expected on the basis of the simplest model [e.g., Lisowski et al., 1988; Beavan, 1988, 
1989, 1990; Ma et al., 1990]. A satisfactory explanation has not yet been given for the 
discrepancy between these low deformation rates and the high seismic potential [Boyd et al., 1988; 
Nishenko and Jacob, 1991] deduced from seismic observations.

References
Beavan, J., 1988. Crustal Deformation Measurements in the Shumagin Seismic Gap, Alaska, USGS Open File 

Report, 88-673, 183-188.
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Figure 2a

1980-91 data from level lines in the Inner and Central Shumagin Islands. 
See Figure 2b caption for explanation of plots.

There appears to be a tendency for trenchward tilting in these data; i.e., 
relative ground subsidence towards the south-east.
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Figure 2b

1980-91 data from level lines in the Outer Shbmagin Islands. Positive 
excursions on the plots indicate relative uplift in the direction indicated 
in the plot title. Error bars are ±1 a. The slope and 1 a error of the best- 
fit weighted linear regression line are indicated on each plot, together with
the reduced % "goodness of fit" statistic. When the slope of the regression 
line is different from zero with 95% or higher confidence, this is indicated 
in the upper right corner.

There appears to be a tendency towards arcward tilting in these data; 
i.e., relative ground subsidence towards the north-west.

The addition of the 1991 measurements has made the inferred tilt rates 
somewhat less pronounced than was indicated by the 1980-90 data. 
This is probably the result of statistical variability in the data, but could 
also signify a real change in tilt rate.

148



II

SHUMAGIN ISLAND SEA LEVEL DIFFERENCES: 1976-1991

i i i __ i______i______L

..............3 . 2+0 .8 m m/y r.........................I

1 ^

T

4.6±0.8 mm/yr TT,  1

0 . o±0 . 6 m m/y r     -- - .................

iji ij r
p

5 *¥i r iixni5*i
I ^Jizz&zttj'Xij si""""Tt """""""

r 1^
  sim-prc

------ ................ ..................................   sim-sdp ------ 
o prc-sdp

IT * «! U, £T£ j J * * Jjlr^l ^j±ii

2.10-

2.05- 

2.00- 

1.95- 

1.90- 

1.85- 

1.80-

I I I I
1978 1980 1982 1984 1986 1988 1990

Figure 3.

Data
1976-77: Mean-sea-level-indicator at PRC, SIM. 
1981-84: Ceramic pressure gauge at PRC, SIM.

NOS gauge at SDP. 
NOS gauge at SDP.

1985-91: Pares quartz pressure gauge at PRC, SIM. NOS gauge at SDP.

Location
SIM is 80 km trenchward of PRC and SDP. PRC and SDP are close 
together and are expected to show little or no differential motion.

Tectonic Interpretation
If the 1976-91 data are interpreted as constant tilt rate, then SIM 
is subsiding relative to PRC/SDP at about 4±1 mm/yr. 
If fit is made only to the 1985-91 data, then SIM appears to be 
subsiding relative to PRC/SDP at 1.8±1.2 mm/yr.
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Late Quaternary Recurrence Intervals on the Owens Valley Fault
Zone, Lone Pine, California
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(206) 543-2079

Objectives; Our investigation has two main objectives: to 
constrain more tightly current estimates of recurrence intervals 
and fault slip rates for the Lone Pine fault, a subsidiary strand 
of the Owens Valley Fault Zone and to evaluate rigorously the 
accuracy, precision, and utility of rock varnish dating methods.

Results Obtained; Since the preparation of the last report we 
have done the following:

Continued processing thermoluminesence samples with Dr. G. 
Berger, Western Washington University. We are dating 12 
samples from the two trenches opened across the colluvial 
wedge shed from the Lone Pine fault. Samples of 1872 
colluvium collected several meters from the scarp have 
effective TL ages from hundreds to thousands of years.

Collected 44 varnished cores from a granodiorite boulder 
sequentially exposed on the fault scarp at Lone Pine. We 
have analyzed varnish on the cores using an SEM and 
techniques presented in Bierman and Kuehner (in press). 
These data suggest that the concentration of K and Ca are 
higher in analyses of younger varnish and that the 
concentration of Ti and Fe are higher in the analyses of 
older varnish. The cation ratio of the younger varnish 
appears to be higher than that of the older varnish. We are 
testing these observations by analyzing varnish from several 
other sites where the varnish should be of two distinct 
ages. We are unsure of the role that substrate plays in our 
findings.

Collected rock varnish samples from geomorphic features of 
known age for the purpose of testing sample preparation 
methods for 14C analyses of rock varnish. We have run 
several line and method blanks to verify that our line and 
chemical preparation methods are not contaminating the small 
amounts of organic material present in varnish. We hope to 
complete our  C analyses in 1992.

Led a fieldtrip to the Lone Pine Scarp during the 1991 
Geological Society of America national meeting. During this 
trip we presented the results of our research.
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Results Published;

Bierman, P. and Kuehner, S., in press. Accurate and precise 
measurement of rock varnish chemistry using SEM/EDS: 
Chemical Geology.

Bierman, P. and Gillespie, A., 1991, Range Fires: A significant 
factor in exposure-age determination and geomorphic surface 
evolution: Geology, v. 19, p. 641-644.

Bierman, P. and Gillespie, A., 1991, Accuracy of rock varnish 
chemical analyses: implications fo^r cation ratio dating: 
Geology, v. 19, p. 196-199.

Bierman, P., Kuehner, S., and Gillespie, A., 1991, Precision of 
rock varnish chemical analyses and cation-ratio ages: 
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Creepmeters on California Faults 
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Investigations:

1. We maintain 13 digital creepmeters across active faults in California (Figure 1). The creepmeters are 
designed to record data once per minute during creep or seismic slip of the fault and once per hour during 
times of fault inactivity. A decision to retain high data-rates is made if the mean fault slip velocity 
exceeds 500 urn/hour. The creepmeters have a resolution of 10 microns and a minimum range of 15 cm. 
Creepmeters in selected seismic gaps, at the southern end of the Parkfield region, and near Anza have 
ranges up to 1 m. The creepmeters are typically 5-10 m long, but one creepmeter monitors the 110-m-long 
abutment-separation of Chittenden bridge across the San Andreas fault south of Loma Prieta. The 
instruments are visited three times each year to collect their recorded data.

2. We have designed experiments to distinguish between soil processes and displacement on surface 
faults. The experiments are also designed to search for the existence of strain stored close to the fault 
which may be released during creep events. These experiments use co-linear pairs of identical 
extensometers, one of which is installed across the fault and one is not. The difference signal, in 
principle, contains only fault slip.

3. We have examined published accounts of vertical and sinistral creep data from the Xianshuihe fault 
in eastern Tibet to test the possibility that creep on this fault is similar to steady state creep in central 
California.

4. We retain four creepmeters in readiness for monitoring afterslip in a future earthquake. Each 
creepmeter can be installed within 24 hours of an earthquake in California. To facilitate early alert of 
a California event we have implemented in Boulder the Caltech PDE active display system for 
earthquakes in southern California.

Results:

1. Episodic afterslip continues on the Superstition Hills fault at approximately 28 mm/year (Figure 2). 
Creep episodes consist of three or more events with individual slip amplitudes of more than 8 mm and 
cumulative amplitudes of up to 14 mm (Figure 3). We have recorded creep events on the Imperial fault 
south of the Mexican Border at Saltillo, on the San Andreas fault 2 km south of Highway 46 near 
Parkfield, and at Nyland Ranch north of San Juan Bautista. Nyland Ranch fault creep continues at a 
rate of 20 mm/year which is approximately 3 times higher than the mean creep rate for the past 20 
years (Figure 4). No significant cumulative creep has been recorded at Indio or Durmid Hill on the 
southern San Andreas fault. Creep events with amplitudes >2 mm have been detected on the San 
Andreas fault south of Highway 46. Although a cumulative dextral offset of 4 mm has occurred since 
DeclS 1990, we observe two episodes of sinistral slip in March (0.7 mm) and May (1 mm).

2. Slip on the Superstition Hills fault between creep events occurs at a rate of roughly 2.4 mm/year, a 
factor of ten slower than the annual rate attributable to episodic slip. We suggest that this background 
slip occurs near the surface, and that deeper parts of the surface fault creep episodically. The ratio of 
velocities is proportional to the ratio of base depths of these two processes. Thus if episodic creep

153



II

extends 3 km from the surface to the top of the coseismic rupture zone, steady state creep is limited in 
depth to approximately 300 m (Figure 5).
We observe that background creep is a common attribute of many creeping faults. Two properties of our 
model may prove useful for monitoring time-dependant variations in strain and stress applied to a 
creeping fault: the background creep signal is a linear measure of strain applied to the fault, and the 
ratio of the episodic to background creep velocity may depend on, among other variables, the 
amplitude of in-situ fault normal stress. I

We report further that we observe less than 1 jistrain of linear strain release close to the fault zone 
at the time of creep events with slip more than 1 cm, suggesting block-like motion of the surface fault. 
We conclude that fault-normal stresses are essentially zero at the surface.

3. Although recent creep data from the Xianshuihe fault suggest steady-state sinistral creep, an 
alternative and more likely interpretation is that surface creep was initiated as afterslip following 
the 1973 Luhuo earthquake and is currently decaying slowly. Supporting this view we observe that 
creep measurements prior to the earthquake do not exist, and that creep is restricted to parts of the 
fault that have slipped recently during earthquakes. The sinistral creep data, unlike the dip-slip 
data, were not recorded for the first four years following the Luhuo earthquake. However, we found 
that the horizontal and vertical slip signals are related by a linear -8.3 scaling factor for the eleven 
years for which they are available simultaneously (Figure 6). By assuming that this correlation holds 
for the missing early years of sinistral slip we infer that up to 24 cm of slip may have occurred on the 
fault since the Luhuo earthquake (more than doubling pfevious estimates), and that this slip is a 
manifestation of afterslip. The absence of steady-state creep on the Xianshuihe Fault leaves the San 
Andreas system a unique location for this style of aseismic slip.

4. A display of southern California earthquakes is currently operating on an IBM compatible 
system under control of software developed by Caltech and loaned to us by Egill Hauksson. The data 
are forwarded to us from Caltech using an E-mail scheme intp which address we also receive worldwide 
PDE data from the Global Seismology branch of USGS Denver. We envisage developing a future 
display that will alternate between a world map and a California map showing significant 
earthquakes within minutes of a PDE availability. We wish to thank Egill Hauksson and Waverly 
Person for their assistance in facilitating these displays.
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LOMA 
PRIETA

, Mount Maddonna Road 
Chittenden Bridge 

Nyland Ranch

Work Ranch 
Water Tank 

S. Highway 46

Indio 
Anza 
DurmidHill

Superstition Hills

Saltillo

Figure 1 Locations of digital 
creepmeters. Three instruments 
currently operate on the 
Superstition Hills fault, three on 
the San Andreas fault south of 
Loma Prieta, three on the 
southern part of the Parkf ield 
region, two on the southern San 
Andreas fault and one each on the 
southern Imperial and the San 
Jacinto fault. Pairs of 
creepmeters indicated by double 
arrows.
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afterslip as function of date 

t

afterslip as function of 
log(days after mainshock)

78910 4 56789100 3 4 5 6 789^

Days After Mainshock

Fig. 2. Afterslip data from Site 1 near Imler Road on the Superstition Hills fault for 3.6 years after the mainshock. 
Afterslip remains a factor of two higher than the mean slip rate in the 30 years prior to the mainshock.
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2. Site 1 Superstition Hills
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Figure 3 The largest creep sequence on the Superstition Hills fault was recorded on 21/22 Nov 1990. Dextral slip is 
obtained by muliplying the above values by 1.26. This creep event and the following 9 Feb event consisted of four 
subevents. Maximum fault slip velocity occurred in the second minute of the 21 Nov event and was not 
preceeded by any slow acceleration in creep or by the release of strain on an adjoining extensometer. The 
preceeding interval was the largest interval between events in the afterslip process. Sharp (personal 
communication, 1991) reports that slip in November propagated the entire length of the Superstition Hills fault.
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1/1/90 4/1/90 7/1/90 10/1/90 l/l/9|t 4/1/91 7/1/91

Figure 4 Data from Nyland Ranch after the Loma Prieta earthquake show continued creep at rates several times 
higher than that observed in the preceeding thirty years. Creep did ijiot commence at Nyland ranch for more than 
a week following the mainshock. Mt. Madonna Road creep is insignificant after an initial settlement in the week 
following the event

Fig. 5. Proposed two depth model for aseismic surface 
slip. Slip proceeds steadily on the surface in response 
to applied antisymmetric strain. Although the 
displacement rate is low, its measurement as 
across-fault strain offers an amplified signal compared 
to strain in tie adjacent materials. Episodic slip occurs 
below a transition depth, b. The transition depth is 
presumably partly controlled by fault normal stress, 
hence, variations in the ratio of background creep to 
episodic creep may reveal changes in in-situ stress.

strike-slip data 
offset by 13 cm

1973 1980 (years) 1990

Fig. 6 Proposed reconstruction of the first four years of afterslip on the Xianshuihe fault at Xialatuo based on an 
observed linear scaling relationship between sinistral and dip-slip fault creep between 1976 and 1990.
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Mammoth Lakes Michelson Tiltmeter 

USGS 14-08-0001-G6170

Roger Bilham

CIRES University of Colorado,
Boulder, CO 80309-0250

3034926189

Investigations:

A pair of Michelson tiltmeters are maintained within the Long Valley Caldera 1 km north of the 
Mammoth Lakes airport. The tiltmeters are modelled after one designed by Michelson in 1914 and 
consist of two horizontal water pipes each with a continuous water surface, terminated by optical 
interferometer transducers.

37°3758"N, 118°50'01" West (center vault) See Fig. 1.
length 423.3 m, azimuth 280°, least count 0.57 nanoradians
length 449.2 m, azimuth 16°, least count 0.53 nanoradians
20 cm diameter bell-ended PVC at a mean subsurface depth of 1.5 m.
1. Equal-arm Michelson-Interferometers powered by polarized He/Ne 
lasers. Resolution 0.25 urn, range 1 cm.
2. Experimental LCD sensors on East West arm. 
10 mm diameter invar rods to 26 m maximum depth. 
LVDT sensors with accuracy ±1 urn and range 3 mm.

Location
East/West tiltmeter
North/South tiltmeter
Pipe
Water level detectors

Surface displacement sensors

,;:;5i:;i ;gg;:S8K:^^ 

SgSSWiJ-yn'iSW^ Figure 1 Sketch of location of 
biaxial Michelson tiltmeter. 
Borehole tiltmeters (T) and Lake 
Crowley water sensors (w) 
provide alternative measures of 
caldera tilt. A level line exists 
along Highway 395.

Results:
1. Tilt in the floor of the Caldera appears to have stabilised in the past year with a tilt down to 

the SE of approximately 1 urad. From late 1989 to late 1990 an inflation event NW of the tiltmeter has 
caused a 3 urad tilt down to the south and 4 ^irad tilt to the east. Data from the instrument are shown 
in Figures 2 and 3.

2. Microseismic activity close to the tiltmeter has resulted in frequent loss of counts on the 
interferometers. In conjunction with J. Beavan (Lamont-Doherty) a prototype water surface monitoring 
system using Charge Coupled Detectors has been installed on the east-west sensor. The sensor is 
unaffected by water surface vibration and promises to provide a reliable ± 1 urn monitoring system 
(Pratusevitch G, J. Beavan, J. Behr and R. Bilham, CCD Sensors and Mammoth Lakes tilt data(1991) 
Eos Trans. Am. Geophys. Un. 70, 505.
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Figure 2 Tilt relative to base of boreholes for the period Nov 25 1990 to Sept 11991. The thickness in 
line is caused by the daily tide which is approximately a factor of three higher in the east west than in the 
north south direction.

1 1988 '1989 1990 1991

Figure 3 Cumulative tilt from the biaxial Michelson tiltmeter for the period 1987-1991. Two dotted boxes 
indicate times of major disturbance to the instrument. Vertical extensometers were installed in late 1989.
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Finite Element Modeling of the California Fault System 

Agreement No. 14-08-0001-G-1947

Peter Bird
Department of Earth and Space Sciences

University of California
Los Angeles, CA 90045

(310) 825-1126

Investigations Undertaken;
1. The rewriting of the finite element code FAULTS was completed; 

this code predicts steady-state (cycle-averaged) slip-rates of faults, 
anelastic strain-rates of blocks, and vertically-integrated stresses, 
based on plate-tectonic velocity boundary conditions and an assumed 
crusted rheology. The convergence properties of the code have been 
studied and optimized.

2. A finite element grid representing California and its faults 
(with accompanying elevation, heat-flow, and crusted-thickness datasets) 
was prepared, based on an earlier version created in 1984.

3. A preliminary set of 10 models was run without any tractions 
on the base of the crust; the single variable was the amount of 
friction on faults.

4. Results of the models were scored according to their ability to 
predict 3 datasets: geologic estimates of slip-rates on faults (collected 
from the literature by the author); stress directions (collected by Mary 
Lou Zoback); and VLBI baseline rates (published by NASA).

5. The thermal model parameters and the dislocation creep 
constants for the crust were then adjusted so that the depths of the 
brittle/ductile transition on the faults in the model matched the 
maximum depths of seismicity in 16 different regions (from the 
literature).

6. While keeping the brittle-ductile transitions at the depths 
calibrated by data, we adjusted the activation-energy and pre- 
exponential constant of the crusted creep law in concert so as to vary 
the amount of coupling between the crust and the upper mantle. The 
pattern of upper-mantle flow assumed was that of Bird and Rosenstock 
(1984). (While mantle drag was applied to the Pacific and North 
American plate regions, no drag was applied to the Sierra Nevada/Great 
Valley block, because the velocity of the upper mantle is unknown in 
this region.) The amount of coupling of crust to mantle became a 
second master parameter (the first being the level of friction on 
faults). A set of 81 models (9 values of fault friction x 9 values of 
coupling) was computed.

7. Finally, some experiments were conducted in which the fault 
elements did not all have equal friction. The motivation for this was 
the concept advocated by James Byerlee and James Rice, that faults of 
large net offset have thick gouge zones, in which high pore pressures 
can be supported indefinately by non-Darcy permeability. We are
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Investigating the specific hypothesis that effective fault friction may 
be reduced by some coefficient multiplied by net slip. Since this 
coefficient cannot be predicted, the model parameter space Is now 
three-dimensional, and many calculations are required to span It.

Results Obtained:
1. With the newly rewritten program, monotonlc convergence of the 

predicted (steady-state) velocities and stresses can be achieved (Figure 
1). A tradeoff was discovered between the asymptotic convergence limit 
(measured as the relative mean size of the velocity changes between 
Iterations) and the maximum stiffness permitted In "rigid" blocks and 
"locked" faults. Some degree of artificial viscous compliance Is 
required for convergence, because otherwise the condition number of 
the stiffness matrix Is too large and pseudo-random numerical noise 
prevents convergence. However, If artificial viscous compliance is 
permitted to grow too large the realism of the models will obviously be 
compromised. We discovered that If the integral (across California) of 
the artificial viscous strain-rate is restricted to 1 mm/year, we can 
achieve convergence of the solution to 0.01% velocity change and 0.1% 
stress error.

2. A grid of 994 nodes, 147 fault elements, and 314 continuum 
elements originally prepared in 1984 was corrected with some new 
information on fault dips (e.g., vertical along the southernmost San 
Andreas, but 70° SW in the Loma Prieta segment). The grid extends from 
Point Arena southeast to the head of the Gulf of California, and east 
to the Death Valley-Furnace Creek-Fish Lake fault zone, and Includes 
all faults with slip rates of over 1 mm/year. Heat-flows were assigned 
to each node based on hand-contouring of a regional compilation of 
data. Crustal thickness beneath each element was obtained from the 
seismic-refraction compilation of Nooney (1990). Velocity boundary 
conditions were taken from the NUVEL-1 model of DeMets et al. (1990), 
and Basin/Range extension (Integrating to 10 mm/year) was assumed 
along the NE boundary.

3. In the first set of 10 models, there were no tractions on the 
Mono except for isostatlc support. The friction within continuum 
elements was fixed at 0.85. However, the friction on faults was 
assumed to be 100%, 90%, 80%, ..., 10% of this value. All models 
converged well. Subjectively, the most realistic appeared to be the 
one with a fault friction of 0.17. At higher frictions, almost all faults 
(except the central San Andreas) slipped too slowly or were locked. At 
0.085, unrealistic gravitational slumping of the Transverse Ranges 
blocks occurred.

4. A dataset of 79 geologic estimates (or limits) on mean slip- 
rates of California faults has been collected. Only offset distances of 
more than 20 m and offset times of 5 Ma or less were included in this 
dataset. The predictions of each finite element model were compared to 
these rates or rate limits, and the discrepancy was expressed as the 
RMS error. The best match achieved was an RMS error of 6 mm/year, 
and this occurred for the model with fault friction 0.17 (Figure 2).

Second, a dataset of 221 stress-directions in the model region 
was extracted from the compilation by Mary Lou Zoback on the
Geophysics of North America compact disk
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predictions. The best model according to this test was the same one, 
with an average discrepancy of 24° (Figure 3). Although this is not an 
impressive match, it should be remembered that the scatter in the data 
is so great that even a "perfect" model would probably have a mean 
discrepancy of 18°. Also, any attempt to fit a uniform regional stress 
field results in a mean error of at least 28°; so, at least some of the 
variations predicted by the model are real.

Finally, a dataset of 45 geodetic baseline-rates between VLBI 
benchmarks was extracted from NASA Technical Memorandum TM-100765, 
with formal errors for each rate. This dataset was compared to a 
modified form the of the finite element model predictions, in which 
elastic anti-dislocations of steady rate were added on the brittle 
upper parts of all model faults to temporarily lock them during the 
epoch of VLBI observations. Because the baseline rates have widely 
varying errors, these errors were used as (inverse) weights in the 
calculation of the average discrepancy of each model. The best result 
was a weighted-mean discrepancy of 3.0 mm/year, and again this best 
result was from the model with fault friction of 0.17 (Figure 4).

For each dataset, the range of scores is not great; this is due 
to some stubborn errors which occured in all 10 models, such as too 
much slip on the Elsinore-Whittier faults, and on the Hayward-Calaveras 
faults. However, the agreement of all three datasets in selecting the 
best model is very strong evidence that the mean effective friction of 
California faults is much lower than that exhibited by rocks in the 
laboratory (even hydrated clays). This may be due to high pore 
pressures localized along major faults, or to some other unknown cause.

5. From the seismological literature, maximum depths of California 
earthquakes were obtained for 16 regions within the finite element 
model domain. Plotting these depths against estimated heat-flow gave 
an inverse relation, suggesting that in California the brittle-ductile 
transition takes place at 350-410 C. The dislocation creep law used in 
these finite element models was adjusted by trial and error to give the 
best possible match of predicted and actual transition depths. If the 
creep law is expressed as:

F.(shear-stress) * A (strain-rate) exp(B/T),

where E = 0.333, and T is Kelvin temperature, then the best-fitting 
results are obtained when:

log1Q (A) - 12.2 - 7x!0"4 B

for A in Pa sE, and B in Kelvin.

6. The addition of varying amounts of mantle drag improved the 
scores of some models, but did not change the conclusion that (most) 
faults must have low friction. As shown in Figure 5, the RMS 
prediction error for fault slip rates can be reduced below 5 mm/year if 
fault friction is low and mantle drag is strong. (A low activation 
energy for creep in the crust implies strong mantle drag, and vice 
versa.) The stress directions have a mininma error of about 23° for 
fault friction values near 0.2 (Figure 6). The RMS prediction error for 
the 45 VLBI baseline rates can also be reduced slightly (Fig. 7), and 
also shows a minimum for friction of 0.2, although the preference for
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these models Is very weak.
7. As scoring of this set of models Is not completed, results will 

be presented at the December 1991 AGU meeting.

Reports Published;
1. Bird, P., and X. Kong (1991) First accurate thin-plate models 

with faults (abstract), Eos (Trans. Am. Geophys. U.), 72, Nov. 1991 (in 
press).
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Figure 1. Convergence histories of four calculations with different 
upper limits on stiffness: (box) integrated viscous compliance s 3 
mm/year; (diamond) integrated viscous compliance s 1 mm/year; (x) 
integrated viscous compliance s 0.3 mm/year; (A) integrated viscous 
compliance = 0.1 mm/year.
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10.0
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5.0

2.5

Slip-Rate Errors vs. Fault Friction
Models vith no nantle drag

0.0
0.0 0.1 0.2 0.3 0.4 0.5 0,1 0.7 

Fault Friction Coefficient
0.3

Figure 2. Mean and root-mean-square (RMS) error in prediction of 
geologic slip rates on faults, as a function of the coefficient of 
friction of all faults. In these models, there are no shear tractions 
on the Mono, and the friction of crustal blocks is 0.85.

Signal(H) Error vs. Fault Friction
Models vith no Nantle drag

BipiricaT Stani arif Deviation of Data"

0.0 0.1 0.2 0.3 0.1 0.5 0,f
Fault Friction Coefficient

0.7 0.9

Figure 3. Mean error in the predicted direction of horizontal greatest 
principal compression as a function of assumed fault friction 
coefficient. "Empirical standard deviation of data" is derived from the 
intercept of a variogram of stress azimuth. "Uniform stress" curve is 
error relative to a constant stress direction for an of California, 
which is determined by the friction on the central San Andreas fault.
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Figure 4. Weighted mean error in the prediction of 45 VLBI baseline 
rates, as a function of assumed fault friction. While the differences 
in the errors are small, note that the same model is preferred as in 
Figures 2 and 3.

FAULT SLIP-RATES: RMS PREDICTION ERROR 
Contour Interval 1. mm/year

400.

Crystal Creep Activation [jnergy, kJ/mol

5. RMS prediction errors for 79 fault slip-rates, in mm/year. The 
vertical axis is fault friction, in increments of 0.085. The horizontal 
axis is the activation energy for creep in the lower crust; hence the 
intensity of mantle drag increases toward the left.
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High Temporal and Spatial Resolution of Crustal Deformation with GPS

14-08-0001-G1673

Yehuda Bock
Institute of Geophysics and Planetary Physics

Scripps Institution of Oceanography
La Jolla,CA 92093

(619) 534-5292 
E-Mail: BOCK@BULL.UCSD.EDU

Objectives

GPS surveying has the potential to provide crustal deforfliation precursors for the prediction of 
large earthquakes and, in particular, to allow frequent arid dense monitoring of coseismic and 
postseismic strain transients which would add to our fundamental understanding of the physics of 
the earthquake process. The goal of this research is to develop and evaluate the capability of 
surveying spatially dense, small and medium-aperture, three-dimensional geodetic networks, in 
near real-time with several millimeter-level accuracy using GPS in continuously operating 
("strainmeter") and kinematic-type modes.

Investigations Undertaken and Data Collected 

Imperial Fault Kinematic Survey

In May 1991, we surveyed a large portion of the Imperial College network across the northern part 
of the Imperial Fault near El Centro. This network has been surveyed since the early 1970's with 
very precise EDM instruments (first the Kern Mekometer 4nd then the Kern Geomensor) [Mason, 
1987]. The Geomensor measures distances with an accuracy of ± (0.1 mm + 0.1 ppm). The 
network consisted of approximately 300 stations at the time of the October 15, 1979 Imperial 
Valley earthquake, with stations about 800 meters apart at road intersections, about half of which 
lay in an 8x10.5 km block extending more than 6 km on either side of the surface break. In 
January-April 1991 the network was leveled by Imperial College using trigonometric leveling with 
a mean standard error of 1.8 mm. In addition, all fault crossing lines were re-surveyed with a Kern 
DM503 EDM indicating 55.7±11.5 mm of fault slip since 1987 [Mason et al., 1991].

The network is ideal for kinematic-type GPS surveying. The terrain is flat and there are very 
few obstructions which in most cases can be easily avoided. We deployed 4-5 Trimble 4000 SST 
receivers for four days (5-6, 8-9 May). Two receivers were used in kinematic mode while the 
remaining 2-3 receivers were deployed as base stations in static mode. To obtain redundancy we 
surveyed crossover points. Furthermore, the roving receivers moved from site to site 
synchronously. Typically, each kinematic site was surveyed for 10 minutes in order to average out 
multipath errors. Each roving team was able to survey about 10 points during two kinematic 
windows (five or more satellites) of 75 and 60 minute duration. We are currently comparing our 
results with the conventional horizontal and vertical measurements. [Mason et al. 1991].

Strainmeter-type Surveys near Parkfield

We surveyed the USGS Kennedy Ranch Alignment Array located 10 km southeast of Parkfield 
using kinematic GPS. On 11 November 1990, we observed the ten points of the 258 m long array 
with one hour of observations using three Trimble 4000 SST receivers. On 8-10 February 1991, 
we reobserved the array for one hour on each day using three Ashtech XII receivers. The data at 
the two end points of the array were collected at a 1 second sampling rate for the entire one hour
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period for all surveys. A roving receiver measured the intermediate points with repeated 3 minute 
occupations sampled at a 15 second sampling rate.

Permanent GPS Geodetic Array

The Permanent GPS Geodetic Array (PGGA) has been operated as a NASA pilot project since the 
spring of 1990 by Scripps Institution of Oceanography (SIO) and the Jet Propulsion Laboratory, 
with assistance from Caltech, MIT and UCLA. The objectives are to monitor crustal deformation 
continuously, in near real-time and with millimeter accuracy, using a fully automated and 
economically feasible system. The development and operations of the PGGA have been described 
by Bock and Shimada [1990], Bock et al. [1990], Bock [1991a,b] and Bock and Genrich 
[1991]. We are using the PGGA data to support our investigations of the spatial and temporal 
resolution of GPS.

Results Obtained

Implications for GPS Strainmeters and Kinematic GPS

We have reported on the results of the Kennedy Alignment Array Survey in Bock [1991], Bock 
and Genrich [1991], and Genrich and Bock [1991]. We reiterate our conclusions which provide 
guidelines for precise continuously monitoring and kinematic-type GPS surveys:
(1) Multipath effects interfering with the incoming radio signal will tend to average out over a 
period of several minutes. Therefore, to achieve one millimeter level precision with kinematic GPS 
a site should be occupied for about ten minutes. Several millimeter to one centimeter precision can 
be achieved with shorter occupations.
(2) In order to increase the resolution of millimeter-level position for a continuous GPS 
strainmeter, it is necessary to model the effect of multipath on the position components.
(3) Multipath effects can be modeled for GPS Strainmeters to an rms of a millimeter or two at a 
resolution of about one minute.

Results from Permanent GPS Geodetic Array

We have been estimating the position of the SIO-JPL-PFO triangle (Figure 1) daily since 
September 1991. We perform, at twenty-four intervals, a simultaneous weighted least squares 
adjustment of the station positions and improved satellites ephemerides using the PGGA data and 
data from a global set of tracking stations. As an example, the time series of positions of the JPL 
to Scripps baseline are shown in Figure 2, indicating an rms scatter of approximately 3 mm in the 
north, 6 mm in the east and 10 mm in the vertical. Considering the length of the PGGA baselines, 
we estimate that the daily orbits are precise at no worse than the 20-30 parts per billion level. We 
are investigating various approaches to improving the repeatability, particularly in the east and 
vertical components and performing tests at observation windows less than 24 hours. We also are 
examining the time series of a continuously operating GPS baseline from Pinon Flat Observatory 
to a site 14 km away [Happer, et. al., 1991]

We are also evaluating the precision of our satellite parameters based on overlapping orbital 
arcs. We are able to extrapolate several meter-level precise orbits twenty-four hours ahead of the 
time of collection. Although we typically perform solutions about 4-5 days after collection 
(primarily waiting for global tracking data that are downloaded by others), we now have all the 
components required to maintain a near-real time crustal motion monitoring array.

Our orbital ephemerides should be sufficiently precise to support most crustal deformation 
GPS surveys in California. Furthermore, our entire data base of orbital tracking data since April 
1990, is on-line and accessible to investigators via anonymous ftp over Internet.

In Figure 3, we show the daily solutions of the Goldstone to JPL (Pasadena) baseline during 
the period of the Sierra Madre earthquake. We detect no significant deformation in the baseline
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(from a distance of 180 km) with a precision of several mm. This result agrees with horizontal and 
vertical displacements computed from earthquake dislocation models (D.C. Agnew, personal 
communication).

Reports Published
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SOUTHERN CALIFORNIA 
PERMANENT GPS GEODETIC ARRAY (PGGA)

BULLETIN

Permanent GPS Geodetic Array (PGGA) - Southern California 
37

36

 5 35

33

Circles are 100 km from stations 
(dashed for planned stations)

32
-122 -121 -120 -119 -118 -117 -116 -115 

East Longitude

-114

Volume 1 July 1991 No.

Figure 1: Map of the Permanent GPS Geodetic Array (PGGA) in southern California taken from 
the cover page of the first issue of the PGGA bulletin. The sites at VNDN, Parkfield and Palos 
Verdes are expected to come on line in the first quarter of 1992.
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Surface Faulting Studies 

9910-02677

M.G.Bonilla 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977

Menlo Park, CA 94025
(415) 329-5615

Investigations

Study of the geology of the Marina District to bettef understand the distribution and causes 
of the severe earthquake damage there. Maps dating back to 1851, archival materials including 
photographs, logs of borings made from 1912 to 1990, and published reports on the history, 
geology, and earthquake damage were used in the study.

Results

Maps and cross-sections showing the geology, distribution of soft bay mud, and depth to 
water table were prepared. A map showing contours on the buried surface of the bedrock was 
made based on borings, offshore geophysical data, and geologic interpretations. The general form 
of the bedrock surface is of a northwest-trending valley whose elevation ranges from sea level to 
about 90 m below sea level. The valley in the bedrock surface is buried by firm Pleistocene bay 
clay, a dense Pleistocene sand layer, soft Holocene bay sediments, loose to dense Holocene beach 
and dune sands, and artificial fill that have an aggregate maximum thickness of about 90 m. 
Artificial filling of a cove at the site of the Marina District proceeded gradually from the late 1860s 
to 1912, when major hydraulic filling was done for the Panama-Pacific International Exposition. 
The remains of thousands of piles driven for the Exposition very probably still exist and have had 
unknown effects on long-term ground settlement and earthquake-related ground displacements.

Intensity maps of the 1906 earthquake, and seismic recordings and severe building damage 
in 1989, reported by others, indicate that ground motion was amplified on both natural and 
artificial gound. This suggests that the configuration of the bedrock surface and the location and 
thickness of various clay and sand deposits underlying the artificial fill had an important effect on 
the shaking. However, most of the settlement and liquefaction and the damage to pipelines, 
building foundations, streets, sidewalks and curbs occurred in areas of artificial fill consisting 
mainly of loose sand.

Manuscripts describing the results of the study were prepared for the Bulletin of the 
Seismological Society of America and a USGS Professional Paper chapter. In collaboration with 
others, a display on earthquake effects in the Marina District was prepared for the USGS open 
house in Menlo Park, and the display has been shown in the Marina District.

Reports

Bennett, M.J., Bonilla, M.G., and Holzer, T.L., 1990, Liquefaction in the Marina District, San 
Francisco, California, during the Loma Prieta earthquake [abs.]: Geological Society of 
America Abstracts with Programs, v. 22, no.7, p. A188.

Bonilla, M. G., 1990, Historical faulting, in Moore, G. yV., Bonilla, M. G., Rapp, R. H.,
Rinehart, W. A., Liebert, Lee, Simkin, Tom, Soller, D. R., and Zoback, M. L., 
Geodynamic Map of the Circum-Pacific Region, Arctic Sheet: U.S. Geological Survey 
Circum-Pacific Map Series, Map CP-38, scale 1:10,000,000.
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Bonilla, M. G., and Lienkaemper, J. J., 1991, Factors affecting the recognition of faults exposed 
in exploratory trenches: U. S. Geological Survey Bulletin 1947,54 p.

Bonilla, M. G., 1991, The Marina District, San Francisco, California: Geology, history, and 
earthquake effects: Seismological Society of America Bulletin, v. 81, no. 5, p. 1958-1979.
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Holocene Slip Rate of the Hayward Fault, Union City, California

Agreement No. 14-08-0001-G2078

Glenn Borchardt 
Soil Tectonics 
P.O. Box 5335 

Berkeley, California 94705

(510)654-1619

Objectives

This project is a cooperative effort with Jim Lienkaemper of 
the USGS to complete the Union City project which was initially 
funded by the California Division of Mines and Geology. At Union 
City a stream cuts through the uplifted northeastern side of the 
fault near Masonic Home and debouches onto an alluvial fan on the 
southwest side of the fault during flood stage. In 1989, our 
130-m trench across the fan and parallel the fault uncovered an 
extremely complicated series of channel fills and interleaved 
soils. We had initially expected a simple record of successively 
older buried channel deposits laid dov|n as the debouchment point 
moved to the northwest. Instead, the^ record shows a complex of 
relatively well developed buried alluvial fans having projected 
apexes of increasing age and offset. The relatively stable 
points of debouchment apparently were established in conjunction 
with an offset in the thalweg of the stream.

Preliminary slip rates for carbon-14 dated apexes between 4 
ka and 14 ka were between 7 and 9 mm/yr. During the first phase 
of the work the projections were necessarily based on logs of 
trench walls only 0.9 m apart. Channel margins had to be pro­ 
jected 20 m toward the fault plane. During the 1990 field season 
we excavated a parallel trench 10-m further to the southwest. 
Most of the channel fills identified in the Holocene portion of 
the 1989 trench also appeared in the 1990 trench. Preliminary 
evaluation of the extremely detailed logs confirms our earlier 
estimates of the amount of offset. However, to increase the 
precision of the slip rate measurement, we need to improve our 
knowledge of the precise time when each of the stream offsets was 
initiated.

Fortunately, the site contains miich datable charcoal and at 
least a dozen paleosols which will help in unraveling the deposi- 
tional sequence. The paleosols formed on the stable portions of 
former fan surfaces at the same time as the channels were cutting 
still other portions of the same fans. In the interpretation of
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such alluvial systems we use the paleosols as stratigraphic mark­ 
ers that constrain the ages of the channel fills that we use as 
piercing points. Many of these fills are by no means easy to 
recognize from trench-to-trench. When the size, morphology, and 
contents of a fill do not suffice, its relationship to the paleo- 
sol of the same age becomes the deciding factor in its identifi­ 
cation. In studies of this type, the precision of the age and 
measurement of the offset improve as our knowledge of the paleo­ 
sols and depositional sequence increases.

We obtained 115 soil samples and performed 55 particle size 
analyses on 11 vertical sections taken the 130-m trench. The 
objectives of this project are to provide complete soil descrip­ 
tions and interpretations of the soil data in the context of the 
channel-fill sequence and the C-14 dates.

Results

Unlike the 9-ka soils at the Fremont site, 9-ka soils at 
Union City have blocky structure and contain extensive clay film 
development, apparently because they are derived from fine smec- 
titic clays of the Orinda Formation that dominates the drainage. 
Paleosols formed during the Early Holocene have unique Bk hori­ 
zons containing nodular calcite apparently as a result of an 
especially dry climate. Holocene soils at the site are gray 
brown and associated with varying fluvial conditions, while the 
Pleistocene soils are yellow brown and associated with relative 
landscape stability. The further analysis and study of these 
well-dated paleosols will be of utmost importance in determining 
the relative age of movement along faults throughout the Bay 
Area. We are now in the process of choosing still more charcoal 
samples to obtain the precise dates for the initiation of the two 
Holocene fan apexes.

Reports Published in FY91

Borchardt, Glenn, 1991 (in press), Liquefaction and shaking dam­ 
age in the Watsonville and Oakland areas and its implications 
for earthquake planning scenarios, in Baldwin, J.E., and Si- 
tar, N., eds., Loma Prieta earthquake: Engineering geologic 
perspectives: Association of Engineering Geologists Special 
Publication No. 1.

Borchardt, Glenn, 1991, Preparation and use of earthquake plan­ 
ning scenarios: California Geology, v. 44, p. 195-203.
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Borchardt, Glenn, 1991, Vertical crustal stability between Point 
Pinole and Carquinez Strait during the Late Quaternary: EOS, 
Transactions of the American Geophysical Union, v. 72, no. 44, 
p. 446.

Borchardt, Glenn, and Rogers, J.D., 1991 (in press), Earthquake 
potential along the Hayward fault, California, in Prakash, 
Shamsher, ed., Second Internationa^. Conference on Recent Ad­ 
vances in Geotechnical Earthquake Engineering and Soil Dynam­ 
ics, St. Louis, Missouri, March 11+15, 1991: Rolla, MO: Uni­ 
versity of Missouri-Rolla, 3.

Borchardt, Glenn, and Seelig, K.A., 1991, Soils, paleosols, and 
Quaternary sediments offset along the Hayward fault at Point 
Pinole Regional Shoreline, Richmond, California, in Sloan, 
Doris and Wagner, D.L., eds, Geolocjic excursions in northern 
California: San Francisco to the Sierra Nevada: California 
Division of Mines and Geology Special Publication 109, p. 75- 
83.

Lienkaemper, J.J., and Borchardt, Glenn, 1990, Holocene slip 
rate, historic creep rate, and the potential for large earth­ 
quakes on the Hayward fault, California: EOS, Transactions of 
the American Geophysical Union, v. 71, no. 43, p. 1645.

Lienkaemper, J.J., and Borchardt, Glenii, 1991, Holocene slip rate 
of the Hayward fault at Union City, California: Geological 
Society of America Program with Abstracts, Cordilleran Sec­ 
tion, v. 23, no. 2, p. 73.

Lienkaemper, J.J., Borchardt, Glenn, and Lisowski, Michael, 1991, 
Historic creep rate and potential for seismic slip along the 
Hayward fault, California: Journal 6f Geophysical Research, v. 
96, no. Bll, p. 18261-18283.

Wills, C.J., and Borchardt, Glenn, 19$0, Holocene slip rate and 
earthquake recurrence on the Honey Lake fault zone, northeast­ 
ern California: EOS Transactions, American Geophysical Union, 
v. 71, no. 43, p. 1608.
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ACCELERATION, VELOCITY, AND VOLUMETRIC
STRAIN 

FROM PARKFBELD GEOS NETWORK

9910-02089

Roger D. Borcherdt, Malcolm J. Johnston,
C. Dietel, G. Glassmoyer, and Allan Lindh

Branch of Engineering Seismology and Geology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5619 or FTS 459-5619

Investigations

* Maintain GEOS array near Parkfield, CA, to provide broad-band, high-resolution 
measurements of the mainshock as well as an array to provide measurements of pre-, co-, 
and post-seismic strain and displacement field perturbations for purposes of earthquake 
prediction.

* Maintain up-to-date archive of all events recorded in anticipated rupture zone.

* Develop theoretical basis and models to interpret co-located measurements of volumetric 
strain and seismic displacement fields.

An array of 15 stations has been maintained at 95% or greater reliability since July, 1987. 
Array maintenance is being conducted by C. Dietel. He is also maintaining an up-to-date 
digital data archive and providing summaries for monthly internal USGS reports. (See 
previous reports for detailed description of the array.) Events recorded along Parkfield 
segment of study zone during time interval indicated are summarized according to 
magnitude and depth (Table 1, Figure 1). Ground velocity (Figure 2, Figure 3; traces 4, 
5, and 6), and ground acceleration (Figure 2, traces 4, 5, and 6; Figure 3, traces 1,2, and 
3) for a magnitude 3.1 event are shown.

An example of magnitude 3.1 event recorded at all stations is shown in Figures 2, 3, 4, and 
5. Co-located measurements of ground acceleration (traces 1-3) and ground velocity (traces 
4-6) are shown in Figures 2 and 3. Co-located measurements of volumetric strain at 3 gain 
levels (traces 1-3) and ground acceleration or velocity (traces 4-6) are shown in Figures 4 
and 5.
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Reports

(See projects Borcherdt et al., [9910-02689 and 9901-03009] and Johnston for related reports.)
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TABLE 1

HYPO-71 LISTING: PARKFIELD EARTHQUAKES RECORDED ON ONE OR MORE GEOS STATIONS 
FROM OCTOBER 1, 1990 THROUGH AUGUST 11, 1991.

9010 1
9010 3
9010 6
9010 8
9010 8
901020
901021
901023
901024
901026
901028
901028
901028
901030
901030
9011 4
901114
901116
901117
901122
901123
901128
901130
901130
9012 4
9012 4
901218
901226
901226
901226
901228
91 1 4
91 1 5
91 1 9
91 119
91 119
91 121
91 128
91 2 4
91 2 4
91 2 5
91 2 5
91 210
91 216
91 228
91 3 8
91 311
91 322
91 329
91 4 3
91 4 9
91 410
91 410
91 412

224
1449
325

1350
2026
531

1555
7 3

1647
2157
814

1217
1748
148
529

1532
1934
057
1 7

1156
726
342
425
428

1313
1332
630

23 0
23 2
23 7
614
026
833

22 9
739
838
247

1554
2 7
2 8
437

1121
038

1232
15 2
133

2248
1121
610
530

14 0
333
4 0
629

11.41
47.59
0.83

42.98
30.51
38.62
17.56
55.14
47.15
37.01
17.33
2.82
11.84
44.65
53.98
40.25
14.09
12.53
38.05
10.58
32.46
54.73
59.35
8.02

59.23
25.72
52.68
29.12
4.09

18.50
57.65
16.06
8.03
4.81
6.47

15.63
27.00
4.81

21.04
46.95
25.68
18.58
24.89
55.82
57.00
11.02
30.27
52.84
17.64
14.26
22.95
44.77
55.08
14.75

35
36
35
35
35
36
35
35
35
35
35
35
36
36
36
35
35
35
36
35
35
35
35
35
35
35
36
36
36
36
35
36
35
35
35
35
35
35
35
35
36
35
35
36
35
36
35
35
35
35
35
35
35
35

58.04
2.31
55.70
59.53
59.61
0.88

55.67
55.78
55.72
56.10
41.13
40.97
2.46
1.55
1.55

55.78
57.88
58.00
3.91

59.52
59.60
57.18
56.85
56.89
56.17
56.31
0.13
0.62
0.53
0.71

53.33
0.22

53.51
54.23
59.00
59.05
46.84
44.34
46.80
46.96
0.95

58.69
57.43
0.10

57.33
0.49

58.84
57.72
59.53
56.43
51.27
51.28
51.13
58.07

120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120

30.56
35.05
28.52
34.02
33.79
34.62
28.45
28.54
28.43
38.75
14.28
14.15
35.32
35.18
35.03
28.51
30.92
31.19
36.86
33.78
33.76
29.43
29.77
29.43
31.75
31.12
34.56
34.43
34.56
34.03
26.08
33.88
26.06
26.99
33.66
33.60
20.03
17.90
20.13
19.97
33.89
31.66
30.38
34.52
30.97
33.87
31.49
31.12
32.91
29.00
23.80
23.91
23.92
30.61

7
2
9
4
5
6
4
4
4
7
8
9
5
5
5
5
7
7
7
5
5

13
11
10
9

10
5
5
4
5

10
5

10
6
5
5
8

12
8
8
5

11
9
6
5
5

11
11
5
6
5
4
3

11

.99

.71

.95

.99

.03

.41

.72

.71

.88

.52

.99

.21

.27

.82

.82

.42

.92

.87

.63

.93

.81

.51

.60

.90

.98

.78

.22

.18

.95

.33

.82

.53

.23

.40

.97

.87

.36

.24

.17

.39

.32

.27

.13

.62

.90

.74

.43

.09

.56

.51

.59

.62

.15

.22

1.49
1.47
2.56
1.64
1.67
1.64
1.57
1.32
1.22
1.83
1.46
1.44
1.53
2.25
1.59
1.72
3.12
2.45
2.16
2.06
2.17
2.23
3.09
2.08
1.89
1.86
1.66
2.19
2.53
2.19
1.44
2.57
1.43
3.11
1.55
1.68
2.90
1.83
2.79
2.06
1.88
2.09
1.99
1.67
2.20
1.92
1.76
2.51
1.93
1.57
2.94
2.35
1.87
2.13

6
6

39
23
22
23
18
16
11
19
8

10
13
29
16
21
42
34
30
28
28
30
44
26
29
25
15
26
31
23
18
36
18
38
13
17
40
25
38
28
21
32
28
18
35
21
24
35
14
16
39
30
19
24

214
207
92

122
124
164
147
147
148
54

105
72

181
152
176
147
135
134
128
91
93

138
69

135
70
77

129
130
130
132
139
132
143
129
114
86
57
49
57
59

134
135
112
98
51

133
136
65

180
151
93
91
88

162

1.6
6.1
3.0
3.2
3.6
4.0
3.1
2.9
3.1
4.9
4.2
3.8
6.3
4.7
4.8
3.0
1.9
2.3
8.9
3.6
3.6
0.7
1.0
1.1
1.6
1.4
3.0
3.7
3.5
4.3
3.2
3.9
3.3
4.8
3.7
3.8
7.0
4.5
6.9
7.3
4.8
3.6
0.8
3.0
1.7
4.2
3.7
2.0
4.9
2.2
3.1
3.0
3.3
1.7

0.01
0.01
0.11
0.09
0.10
0.06
0.04
0.03
0.03
0.15
0.04
0.06
0.03
0.08
0.06
0.03
0.09
0.07
0.07
0.07 '
0.09
0.07
0.11
0.06
0.13
0.12
0.11
0.08
0.10
0.07
0.03
0.08
0.04
0.08
0.06
0.07
0.10
0.05
0.10
0.06
0.05
0.06
0.08
0.10
0.14
0.06
0.04
0.12
0.07
0.03
0.12
0.08
0.06
0.05

1.8
1.0
0.3
0.3
0.3
0.4
0.3
0.4
0.5
0.4
0.4
0.4
0.6
0.3
0.5
0.3
0.3
0.3
0.3
0.3
0.3
0.4
0.2
0.3
0.4
0.4
0.4
0.3
0.3
0.3
0.4
0.2
0.3
0.2
0.3
0.3
0.2
0.2
0.2
0.2
0.3
0.2
0.3
0.4
0.3
0.4
0.5
0.3
0.5
0.3
0.2
0.2
0.2
0.4

1.4
4.4
0.3 S
0.4 S
0.4 S
0.4 S
0.5
0.5 S
0.6
1.1
0.7
1.0
0.6
0.3
0.4
0.3
0.2
0.2
0.4
0.2
0.2
0.3
0.3 S
0.3
0.4 S
0.5
0.7
0.3
0.3
0.3
0.6 S
0.2
0.5 S
0.3
0.3
0.3
0.3 S
0.4
0.4 S
0.4 S
0.3
0.3
0.3
0.5
0.3
0.3 S
0.4
0.5
0.4
0.4
0.3
0.4 S
0.6 S
0.3
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91 412
91 421
91 421
91 423
91 426
91 429
91 5 6
91 5 7
91 5 8
91 5 8
91 519
91 529
91 613
91 7 7
91 711
91 722
910806

947
5 5
547

1319
943
3 8
859
115

20 1
20 3
322

1641
0 0
124

1049
2351
0103

15.41
2.35

38.77
40.24
57.52
38.13
38.59
39.97
55.10
54.12
17.18
46.83
50.32
58.52
54.70
31.32
55.00

35
35
35
35
35
35
35
36
35
35
36
35
35
35
35
35
36

57.95
45.13
45.14
58.99
58.33
58.40
57.77
2.30

56.24
56.58
1.96

53.66
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Northern San Andreas Fault System

9910-03831

Robert D. Brown 
Branch of Engineering Seismology and Geology

U.S. Geological Surrey
345 Middlefield Road, ^S 977
Menlo Park, California 94025

(415)329-5620

Investigations

1. Synthesis studies of the geology, seismology, and tectonics of the San Andreas fault 
system, especially in northern California.

2. Advisory activities for Bay Area Regional Earthquake Preparedness Project (BAREPP) and 
San Francisco Bay Conservation and Development Commission (BCDC), both of which are 
state agencies.

3. Research and review of work by others on the tectonic setting and earthquake potential of 
Diablo Canyon power plant (DCPP), near San Luis Obispo, California. Activities were in 
an advisory capacity to the Nuclear Regulatory Cominission (NRC) staff and were chiefly to 
review and evaluate data and interpretations obtained by Pacific Gas and Electric Company 
(PG&E) through its long-term seismic program.

1. Completed report reviewing geology, seismology, and tectonics near Diablo Canyon. This 
report was submitted to NRC in February, 1991, and was released as a part of NRC's 
Safety Evaluation Report, NUREG-0675, in June, 1991.

2. Completed chapter, with D. Hill and R. Wallace, on the San Andreas fault system. Chapter 
is planned for publication in a book, The Geological Character of Active Fault zones, 
edited by R. Bucknam and P. Hancock, and sponsored by the International Geological 
Correlation Program.

3. Evidence acquired from several onshore and offshor^ geologic investigations documents the 
structural complexity of the San Andreas fault in the northern San Francisco peninsula and 
Marin County. South of the Golden Gate, the predominantly strike-slip fault appears to dip 
westward and to possess a modest reverse-slip component of displacement. To the north, 
some of the strike-slip displacement west of the San Andreas fault may be accommodated by 
northward underthrusting along the onshore extension of the Point Reyes thrust fault in a 
region marked by extensive recent landsliding, overturned folds in stratified sedimentary 
rocks, and an anomolously thick middle and upper Miocene (Monterey Formation and 
younger) marine sequence.
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Reports

1. U.S. Geological Survey staff, 1991, Review of geological and geophysical interpretations 
contained in Pacific Gas and Electric Co. final report of the Diablo Canyon Long Term 
Seismic Program for the Diablo Canyon power plant~A report to the staff of the U.S. 
Nuclear Regulatory Commission in U. S. Nuclear Regulatory Commission, Safety 
evaluation report related to the operation of Diablo Canyon nuclear power plant, units 1 and 
2, NUREG-0675, Supplement no. 34, Appendix C, 27 p.

2 Brown, Robert D., 1990, Quaternary deformation in Wallace, R. E., ed., The San Andreas 
fault system, California: U.S. Geological Survey Professional Paper 1515, p.83-113.

3. Brown, Robert D., 1991, Seismicity and geologic structure, San Francisco bay region,
California [abst.]: Geological Society of America Abstracts with Programs, v. 23, no. 2, p. 
9.

11/91
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PUGET SOUND PALEOSEISMICITY

9950-04484

ROBERT C. BUCKNAM
U.S. Geological Survey

M.S. 966, Federal Center
Denver, Colorado 80225

(303) 236-1604

INVESTIGATIONS:

This project is aimed at defining the character, timing, and extent of an area of late 
Holocene (ca. 1,500 - 1,000 years ago) uplift in the centra} Puget Sound region, Washington.

Fieldwork during the reporting period was done at Alki Point (western Seattle), at a 
marsh near Winslow (Bainbridge Island), at Lynch Cove (Hood Canal near Belfair), and at 
Oakland Bay (near Shelton). The sites are shown on figure 1.

Paleontological analysis of plant macro and microfossils at sites under study by this 
project was initiated during the reporting period by Estella B. Leopold (Dept. of Botany, 
University of Washington). Changes in relative sea level as recorded in the strata of coastal 
marsh sequences is the primary basis for inferring prehistoric vertical deformation. The 
paleontological analyses will provide a rigorous bksis for detailed interpretation of 
paleoecological conditions at the sites and permit development of detailed histories of relative 
sea level.

RESULTS:

1. Minimum estimate of amount of uplift at "Alki Point, western Seattle.

In June 1991, an excavation for a new building provided a rare exposure of near surface 
stratigraphy at Alki Point, an area virtually completely covered by urban construction. Steeply 
dipping Tertiary siltstone of the Blakeley Formation is exposed near the site in the coastal 
intertidal zone and on a nearby steep hillslope. The excjavation, which was studied with Brian 
Atwater (USGS), showed a planar surface (platform) sloping 4° seaward that was cut on 
fractured siltstone. The platform is overlain by about 4 meter of medium- to coarse-grained 
sand that is gravelly at the base. The highest point exposed on the planar bedrock surface is 4.3 
meters above mean higher high water (MHHW), which is taken as a minimum measure of the 
amount of uplift at the site since the platform was cut.

The bedrock surface is interpreted to be a raised marine platform similar to that at 
Restoration Point, which is less than 5 km west of Alki Point and directly across Puget Sound. 
About 7 meters of uplift occurred at Restoration Point less than 1,550-1,350 years ago. No 
material suitable for radiocarbon dating was found in the excavation at Alki Point. However, 
the similar character of and proximity to the uplift at Restoration Point suggests that the raised 
platform at Alki Point is a result of the same tectonic event.

2. Cores collected from Winslow marsh.

Two continuous 7.5 cm-diameter, 3-meter-long cores were collected in plastic pipe from
a small coastal salt marsh near Winslow. Previous work 
when the 7 meter uplift occurred at Restoration Point, 5
the Winslow section indicates that any vertical displacement at the site was dramatically less
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than that at Restoration Point. The cores were collected for paleontological and radiocarbon 
analysis to establish details of the relative sea level history at the site. The results will provide a 
basis for determining the deformation gradient associated with the uplift and, thus, give some 
insight into the structural controls of the deformation.

3. Paleontological analysis of peat at Lynch Cove marsh.

Peat containing abundant wood fragments and overlying material believed to be tideflat 
mud at Lynch Cove has previously been interpreted as evidence of abrupt uplift that raised the 
mudflat above tidal range and permitted the growth of freshwater plants. Radiocarbon data 
indicates that the uplift occurred about 1,230-980 years ago.

Preliminary study by Estella Leopold, assisted by Jill Suhy, of several samples of the peat 
overlying the mud at the Lynch Cove marsh shows that seeds of the heath family   Vacciniwn 
(blueberry) or Gautheria (salal), Urtica (nettle), Umbelliferae (Angelica type), Juncaceae (Juncus 
type), and Rosaceae (Rubus type) are abundant in the peat. The assemblage indicates that the 
peat formed in moist upland meadow and freshwater marsh environments, above tidal range. 
The contact at the base of the peat and its vertical relief indicates that the amount of uplift of 
the prehistoric tideflat was greater than 1.1 meters. The rise in relative sea level since the 
uplift has been at least 1.8 meters (1.5-1.8 mm/yr).

4. Evidence for late Holocene uplift at Oakland Bay.

Study of a coastal salt marsh at the head of Oakland Bay in the southwestern Puget Sound 
region shows a stratigraphic sequence similar to that at Lynch Cove. At the Oakland Bay site, 
dark fibrous peat abruptly overlies muddy silt and sand. Locally, roots of woody shrubs are 
preserved in the mud immediately below the peat. The basal 2 cm of the peat has a 14C age of 
1,180-1,060 cal yr B.P. (tree ring calibrated years before present). It is likely that the section 
records the same uplift event as that at Lynch Cove or one closely spaced in time. Additional 
on-going field study and paleontological and radiocarbon analyses will clarify the timing and 
nature of deformation at the site.

Taken together, information collected through this project from sites in central Puget 
Sound indicate the presence of an area of uplift extending at least 60 km southwesterly from 
Alki Point at Seattle to Oakland Bay near the southeastern foot of the Olympic Mountains. The 
uplift occurred within the past 1,500-1,000 years, possibly as the result of a single event, with 
vertical displacements of as much as 7 meters.
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Figure 1.

Strait of Juan de

Map of Puget Sound region, Washington. Localities discussed in text labeled 
with arrows.
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Global Seismograph Network 

9920-02398

Howell M. Butler 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory

Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

The Global Seismograph Network (GSN) presently consists of 7 SRO/ASRO, 
9 DWWSSN, 70 WWSSN, 6 IRIS-I, and 6 IRIS-2 type recording stations located 
in 58 countries and islands throughout the world. The primary objective of 
the project is to provide high-quality digital and analog seismic data for 
fundamental earthquake investigations and research, enhancing the United 
States capabilities to detect, locate and identify earthquakes and 
underground nuclear explosions in support of test ban issues. Technical and 
operational support is provided as funds permit to keep the GSN operating at 
the highest percentage of recording time possible. This support includes 
operational supplies, replacement parts, repair service, modifications of 
existing equipment, installation of systems and on-site maintenance, 
training and calibration. A service contract provides technicians to 
perform the support requirements as well as special projects such as on-site 
noise surveys, site preparations, and evaluation and testing of 
seismological and related instrumentation.

On-site Station Installation/Maintenance

IRIS-2 seismograph systems were installed at Charters Towers, Australia 
(CTAO); Guam, Mariana Islands (GUMO); Kongsberg, Norway (KONO); and Toledo, 
Spain (TOL). Chiang Mai, Thailand (CHTO); College, Alaska (COL); 
Albuquerque, New Mexico (ANMO) and Guam, Mariana Islands (GUMO) required 
maintenance visits.

The systems located at Bogota, Colombia (BOCO); Bangui, Central African 
Republic (BACO); South Karori, New Zealand (SNZO); and Lembang, Indonesia 
(LEM) have discontinued operations and will remain inoperative until an IRIS 
or a GTSN system is installed.

Results

The Global Seismograph Network continues with a combined total of 98 
WWSSN/SRO/ASRO/DWWSSN/IRIS-I/IRIS-2 stations. The main effort of this 
project, as funding permits, is to furnish the types of support at a level 
needed to keep the GSN at the highest percentage of operational time in 
order to provide the improved geographical coverage with analog and digital 
data from highly sensitive short-period and broadband seismic sensor 
seismograph systems.
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Paleoseismicity of Kodiak Island Alaska

Agreement No. 14-08-0001-G2121

Gary Carver - Geology Dept. Humboldt State University 
Arcata, CA 95521 (707) 826-3950

L. M. Gilpin - Earth Sciences University of California, 
Santa Cruz, CA 95064 (415) 383-0801

Field Work 1991

We were in the field during the months of July and August 1991 and we plan to return in 

May or June 1992. Field work in the spring will enable us to observe more surficial features on 

the islands without the heavy late summer vegetation.

We completed a reconnaissance of the road system that crosses the NE end of the island and 

trends approximately parallel to the plate margin convergence direction. In addition, we visited 

sites further NW, toward the arc on the Shelikoff Strait side of the island. The most productive 

sites included Big Bay on Shuyak Island, Afognak River mouth on Afognak Island, and the 

Sturgeon River mouth near Karluk on the SW coast of Kodiak Island.

Collaboration with Rick and Philomena Knecht (Kodiak Area Native Association), 

archeologists studying historic and prehistoric cultural changes on the island, resulted in the 

identification of two uplifted paleo-lagoon surfaces along the road system. We hope to excavate 

for driftwood which would determine the ages of lagooii emergence. The following section is 

excerpted from our American Geophysical Union 1991 Fall Meeting Abstract.

Results

The Kodiak archipelago subsided up to 2 meters aloijig a NE-SW trending axis, as a result 

of the 1964 Ms 9.2 Aleutian Megathrust event. Evidence of earthquake events prior to the 1964 

event allow us to constrain the long term crustal response to repeated great thrust earthquakes.
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The orientation of the island and the intensely embayed coastline provide an excellent opportunity 

to document surface deformation with changes in the coastal datum.

During a transect of the NE part of Kodiak Island archipelago, perpendicular to the Aleutian 

Megathrust we found evidence for up to three paleoseismic events and long term (103yr BP) 

coastal tectonic movements indicative of combined coseismic and interseismic surface 

deformation.

Evidence for paleoseismic events is preserved in tidal marsh stratigraphy as sequences of salt 

water plant species (predominantly triglochin) overlying fresh water species (predominantly 

sphagnum) commonly with an intervening sand or fine gravel layer separating the two peat 

deposits.

Coastal geomorphic features indicative of long term (103 yr BP) submergence were identified 

from the zone of maximum 1964 coseismic subsidence to the NW extent of our transect and 

include: (1) peat deposits with a succession of fresh to salt water affinity; (2) single, high beach 

barrier berms protecting small tidal lagoons; (3) the lack of extensive Holocene abrasion 

platforms; and, (4) river delta plain graded to present sea level lacking both entrenched tidal 

mouths and abandonded shoreline features. Long term (103 yrs) tectonic subsidence reflects the 

dominance of coseismic deformation over interseismic rebound in the area arcward of the surface 

projection of the 1964 rupture zone.

Coastal geomorphic features indicative of long term emergence are constrained to the SE 

portion of the transect from the zone of maximum 1964 coseismic subsidence, SE to the 

shorelines closest to the trench. The evidence for emergence includes emergent lagoon and beach 

barrier berms, coastal embayments and, post-glacial shoreline deposits. Long term vertical 

tectonic uplift in a zone characterized by coseismic subsidence reflects the dominance of 

interseismic crustal rebound over coseismic deformation in the area of the surface projection of 

the fault rupture zone.

The tectonic setting, paleoseismic record, co- and interseismic deformation as inferred from 

geomorphic features and measured with pre- and post-1964 earthquake geodetic observations in
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the Kodiak archipelago of the Eastern Aleutian arc, may provide insight to the Cascadia margin 

earthquakes.

Radiocarbon Dating

Samples were collected from the exposed tidal banks where possible, however several 

samples were collected with a soil auger. The samples were air dried soon after collection. We 

submitted 10 samples to a commercial lab and will be submitting 20 more to the University of 

Washington Radiocarbon Lab. Results from the commercial lab will be available for a 

presentation at the 1991 Fall American Geophysical union Meeting. The remaining dates will not 

be available for 6 months.
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SEISMIC REFRACTION/REFLECTION INVESTIGATIONS IN
THE S. F. BAY AREA

Project Number: 1-9930-02102 

Investigator: R. D. Catchings

Institution: U.S. Geological Survey, OEVE
345 Middlefield Rd., MS 977 
Menlo Park, CA 94025 
FTS 459-4749; (415) 329-4749

Investigations Undertaken

In May 1991, the Crustal Studies group acquired a 200-km-long seismic 
refraction profile over the epicenter of the 1989 Loma Prieta (L. P.) earthquake, 
along the San Francisco (S. F.) and Marin Peninsulas. In addition, a 
perpendicular seismic reflection profile was recorded across the epicenter of 
the 1989 Loma Prieta earthquake epicenter. The objective of these 
investigations were to: (1) determine the velocity structure of the area 
around the L. P. earthquake epicenter, (2) determine the regional velocity 
structure (to be used in regional earthquakes), (3) investigate the role of 
critical-angle reflections in producing destruction in the S. F. Marina and 
Oakland areas, (4) provide an image of the crust beneath the epicenter of the 
1989 L. P. earthquake, (5) determine some of the physical properties of the 
hypocentral region, and (6) investigate attenuation as a function of depth and 
distance,.

Results Obtained

Data from the May 1991 seismic investigations have been collected and 
processed. Seismic records have been plotted to provide velocity and visual 
images of the crust within the L. P. fault zone (Fig. 1). The data are in the 
process of being analyzed and interpreted, but from the raw data, several 
observations are evident. (1) The Earth's crust beneath the epicenter of the L. 
P. earthquake is unusually high in velocity at shallow depths. (2) Regionally 
along the Peninsulas, the crustal velocity is also relatively high. The depth to 
the Moho is only about 20-22 km beneath the epicenter and varies laterally. 
(3) The S. F. Marina is at a critical distance from the L. P. epicenter where 
there is strong focussing of seismic energy. This suggests that the destruction 
in the Marina area may have been caused in part by strong reflected energy. 
Areas between S. F. and L. P. with similar types of soil were apparently not 
significantly affected. (4) Images of the crust show that there are strong 
reflectors at the approximate hypocentral depth of the 1989 L. P. earthquake.
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These reflectors are not continuous laterally. (5) The hypocenter of the 1989 
earthquake is apparently within a mafic or ultramafic layer. This has strong 
rheological implications, suggesting that the brittle part of the crust includes 
the lower crust or that there is more than one brittle layer in the crust.

These data are being compared with similar data from the New Madrid 
region and a comparison of attenuation for both regions will be made. This 
will help to predict the effects of a 7.1 magnitude earthquake in the New 
Madrid region.

Reports Published
Since these data are new, funds were not allocated for anlaysis, and the 

data are being analyzed on a part-time basis, no journal reports have been 
produced. However, an AGU abstract and presentation have been submitted. 
Published reports are expected during the coming year.
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INSTRUMENTATION OF STRUCTURES

9910-04099

Mehmet Celebi 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5623 or FTS/459-5623

Investigations

1. The process of selection of structures to recommended for strong-motion instrumenta­ 
tion has continued in Hawaii, Puget Sound (Seattle), Reno (Nevada), and Puerto Rico. 
This effort has also been extended to Salt Lake City.

2. The process to design instrumentation schemes has continued. Permits for a structure 
in Orange County, California, have been obtained. Permits for a structure in each of 
Orange County, California, Hawaii, and Seattle (Washington) have been obtained.

3. The process of implementation of instrumentation for those structures for which instru­ 
mentation schemes have been designed has been completed in Anchorage, Alaska, and 
Orange County, California. A base isolated structure in Los Angeles and in the Marina 
District of San Francisco have been permitted and instrumented. The strong-motion 
recording systems in these buildings are now operational. Also, permit efforts have 
been made for a structure in New Madrid area as a result of new EHRP funding.

4. Non-destructive dynamic testing of Salt Lake City and County Building is to be carried 
out progressively to evaluate the dynamic characteristics of the building before and 
after rehabilitated by base isolation.

5. The minimal instrumentation in a building in Alhambra, Southern California, has been 
upgraded to contain extensive instrumentation to acquire sufficient data to study com­ 
plete response models of the building. A set of records is obtained during the Uplands 
earthquake. This will be compared with the Whittier (October 1, 1987) earthquake 
data which was code-type. Instrumentation at 575 Market Street, in San Francisco, 
California, has also been upgraded.

6. Agreements have been made with UCLA to convert the wind-monitoring system in the 
Theme Building in Los Angeles (previously financed by NSF) into a strong-motion 
monitoring system. Plans are being made to implement the conversion.
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7. Studies of records obtained from instrumented structures are carried out. In particular, 
the records obtained during the October 21, 1987 Whittier Narrows earthquake from 
1100 Wilshire Finance Building (Los Angeles), the Bechtel Building (Norwalk), and the 
Santa Ana River Bridge (base-isolated) are being investigated. Data obtained during 
the October 17, 1989 Loma Prieta earthquake from the Transamerica Building (San 
Francisco) and Pacific Park Plaza Building (Emeryville) have been studied.

8. Studies of records obtained from instrumented structures during the October 17, 1989, 
Loma Prieta earthquake are carried out. In particular, Transamerica Building in San 
Francisco and Pacific Park Plaza in Emeryville have been investigated. Papers are 
prepared.

9. Cooperative project with NIST on low-level amplitude tests of instrumented structures 
carried out.

Results

1. The Hawaii Committee on strong-motion instrumentation of structures has completed 
its deliberations and a draft report is being prepared.

2. As final report of the Puget Sound (Seattle) advisory committee for strong-motion 
instrumentation has been completed.

3. Papers resulting from study of records obtained from structures are prepared.

4. An invited talk given on "Responses of structures during the Loma Prieta earthquake" 
at ASCE Structures Congress in San Francisco, California (November, 1990).

5. Invited talk on "Response of structures during the Loma Prieta earthquake" at ASCE 
Structures Congress in Indianapolis, Indiana (April, 1991).

6. Invited talk in Golden, Colorado (march 1991), "Researches on Strong-Motion Records 
from Instrumented Structures."

Reports

Celebi, M., §afek, E., and Youssef, N., 1991, Torsional response of a unique building: 
ASCE, STD, May 1991.

Celebi, M., and §afak, E., 1991, Recorded seismic response of Transamerica Building Part 
I: Data and preliminary analysis: ASCE, August 1991.

§afak, E., and Celebi, M., 1991, Recorded seismic response of Transamerica Building Part 
II: System identification: ASCE, August 1991.
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Celebi, M, and §afak, E., 1991, Recorded seismic response of Pacific Park Plaza Part I: 
Data and preliminary analysis: in print, ASCE.

Marshall, R.D., Phan, L.T., and Celebi, M., 1990, Measurement of structural response 
characteristics of full-scale buildings: Selection of structures: U.S. Geological Survey 
Open-File Report 90-667. [Also Interagency NIST Report.]

§afak, E., and Cdebi, M., 1990, Recorded seismic response of Pacific Park Plaza Part II: 
System identification: in print, ASCE.

Celebi, M., and §afak, E., 1991, Recorded responses of two tall buildings during the 
10/17/89 Loma Prieta (California) earthquake: ASCE Structures Congress, April 29- 
May, 1991, Indianapolis, Indiana, invited paper.

§afak, E., and Celebi, M., 1991, Analyses of recorded responses of two high-rise buildings 
to Loma Prieta mainshock: Bulletin of the Seismological Society of America.

Celebi, M., Phan, L.T., and Marshall, R.D., 1991, Comparison of responses of a select 
number of buildings to the 10/17/89 Loma Prieta (California) earthquake and low-level 
amplitude test results: UJNR Proceedings, May 1991.

Celebi, M., Phan, L.T., and Marshall, R.D., 1991, Dynamic characteristics of five buildings 
determined from their response to the 10/17/1989 Loma Prieta (California) earthquake 
and low-level amplitude tests: in review, ASCE, 1991.

Celebi, M., 1991, Coherency of free-field motions near a structure a case study: (invited 
paper) ASCE Structures Congress, April, 1991.
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LATE QUATERNARY SLIP RATES 
ON ACTIVE FAULTS OF CALIFORNIA

9910-03554

Malcolm M. Clark 
Branch of Engineering, Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5624 or FTS/459-5624

Investigations

1. Recently active traces of the Calaveras fault zone at Tres Pinos and San Felipe 
Creeks, California (KJ.Kendrick, J.W. Harden, M.M. Clark).

2. Recently active traces of Owens Valley fault zone, California (Sarah Beanland 
(NZGS), Clark).

3. Degradation of fluvial terrace risers along Lone Pine Creek, San Bernardino County 
(Kendrick, in conjunction with J.B.J. Harrison, L.D. McFadden (UNM), and R.J. 
Weldon (University of Oregon)).

4. Revision of slip-rate table and map of late Quaternary faults of California (Clark, 
Kendrick, J.J. Lienkaemper, K.R. Lajoie, C.S. Prentice, M.J. Rymer, D.P. Schwartz, 
R.V. Sharp, J.D. Sims, J.C. Tinsley, R.J. Weldon).

5. Late Quaternary evolution of the San Timoteo Badlands region, southern California 
(Kendrick, in conjunction with D.M. Morton ^nd L.D. McFadden).

Results

2. The right-lateral Owens Valley fault zone extends 100 Ji 10 km from near the 
northwestern edge of Owens Lake through Big Pine. It passes through Lone Pine 
near the eastern base of the Alabama Hills and the follows the floor of Owens Valley 
northward to Poverty Hills, where it steps 3 kfli left and continues northwest across 
Crater Mountain to Big Pine. The fault has aft overall strike of N20W and a dip of 
85 _±_ 10 degrees ENE. Surface Ruptures Associated with the 1872 earthquake 
occurred along the whole length of the fault ione. The right lateral component of 
offset in 1872 averaged 6 ±2 m and reached a maximum of 10 m at Lone Pine, 
whereas the subordinate vertical component, ilormal, was 1 _+. 0.5 m and variable in 
sense. Average and maximum net slip values'of 6.1 jf. 2.1 m and llm indicate a 
seismic moment of 1.8 to 4.4X1027 dyne cm. The associated moment magnitude is 
7.5-7.7, slightly lower than previous estimates.
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Data from one site suggest an average slip rate for the Owens Valley fault zone since 
300 ka of 1.5 Ji 1 mm/yr. Data from several other sites indicate an average Holo- 
cene slip rate of 2 _+. 1 mm/yr. Owens Valley fault zone apparently experienced 
three Holocene earthquakes. At the Lone Pine fault the minimum average recur­ 
rence interval is 5 ky, whereas elsewhere in the Owens Valley fault zone it is 3.3-5 
ky. None of these paleoearthquakes is dated, so an average recurrence interval need 
not apply. The Owens Valley fault zone did, however, appear to generate approxi­ 
mately equal (characteristic) amounts of displacement in each Holocene earthquake.

The Owens Valley Fault zone apparently accommodates some of the relative motion 
between the North American and Pacific plates along a discrete structure. This 
dextral shear occurs within the dominantly normal Basin and Range province, al­ 
though within its Walker Lane Belt, which includes other strike-slip faults. In Owens 
Valley strike slip and normal faulting are to a large degree partitioned between the 
Owens Valley and the subparallel and purely normal Independence Faults. The 
Holocene dip-slip rate along the Independence Fault is about one-tenth the Holo­ 
cene strike slip rate along the Owens Valley fault. Contemporary activity on faults 
of such contrasting styles suggests large temporal fluctuations in the relative 
magnitudes of the maximum and intermediate principal stresses, while the extension 
direction remains consistently east-west.

3. Fluvial terrace risers along Lone Pine Creek provide an excellent opportunity to eval­ 
uate the current models of scarp degradation. These terraces are relatively well- 
dated, are formed in similar parent material, and the initial angles of the associ-ated 
risers can be inferred due to their mode of formation. Thirty four slope profiles were 
measured on the terrace risers between six terraces. These profiles were coordinated 
with the description and analysis of degree of soil development. This provided the 
opportunity to compare the sediment erosion and transportation, as predicted by the 
scarp degradation model, with the actual accumulation and stripping of the soil pro­ 
files. The model generally predicts this accurately, though the upper parts of the 
slope, which would be expected to experience stripping, have accumulated eolian 
fines.

The soil development on the slopes was compared to the soils of the same age on 
the lower terrace. These soils are experiencing the same soil forming factors (time, 
parent material, climate, vegetation, etc.), with the exception that the soils on the 
slope are affected by the slope degradation processes. The variability of soil deve­ 
lopment is greater on the flat-lying, stable surface of the lower terrace than it is for 
the soils associated with the terrace riser. The variability of the soil development 
along the terrace riser is less than the variability of predicted model ages from the 
non-linear scarp degradation model of Hanks and Andrews (1990), suggesting that 
the variability is inherent in the model, and represents the method uncertainty. The 
evaluation of both the scarp-degradation models and the use of soils on slopes is 
critical because both are being employed to assess seismic hazard. This study 
attempts to combine these two approaches in order to understand the benefits and 
limitations of both.
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We are in the process of revising, updating, and publishing (as a USGS Bulletin) the 
slip-rate table and map of late-Quaternary faults of California (USGS OFR 84-106). 
Our aim is to review all entries in OFR 84-106 and add all new data generated since 
its release. We welcome any relevant unpublished data from workers in this field.

Kendrick has mapped Quaternary units and described twenty soils in San Timoteo 
and Reche Canyons, San Bernardino and Riverside Counties. Three surfaces and 
two paleosurfaces have been defined in San Timoteo Canyon, and one major, com­ 
plex surface is recognized in Reche Canyon. iThe soils are helpful in determining 
the effect of the adjacent San Jacinto Fault on the patterns of aggradation and ero­ 
sion on the two canyons. The soils are being compared to regional soils described 
by L.D. McFadden, including the Cajon Pass chronosequence described by 
McFadden and Weldon. Preliminary analysis indicates that these soils are similar to 
those at Cajon Pass, only 40 km to the northwest, though eolian input is less. The 
defor-mation of the paleosurfaces is being measured using altimeters and drilling, 
and will define the long-term activity of the fault.

Reports

None this reporting period.
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LATE CENOZOIC DEFORMATION OF THE 
NORTHERN CALIFORNIA-SOUTHERN OREGON CONVERGENT MARGIN

9460-11031

by 

Samuel H. Clarke, Jr1 ., and Gary A. Carver2

Branch of Pacific Marine Geology 2Department of Geology 
U.S. Geological Survey Humboldt State University 
345 Middlefield Road, MS-999 Arcata, California 95521 
Menlo Park, California 94025 (707) 826-3950 
(415) 354-3091 - FTS 459-3091

Investigations

Principal research objectives are to characterize the late Cenozoic structural architecture and 
tectonic history, to document the history of late Holocene paleoseismicity, and to determine the 
seismic potential of the southern Cascadia subduction zone (SCSZ) of central-southern Oregon and 
northern California. These studies are of particular importance to an understanding of Cascadia 
subduction zone tectonics because only in this region does the active accretionary fold and thrust 
belt overlying the subduction zone extend onland (fig. 1). The unique geometry of the convergent 
margin in the SCSZ thus allows 3-dimensional offshore seismic-reflection studies of accretionary 
margin structure and the relationship of this structure to the subduction zone to be linked directly 
with detailed studies on land of the deformational styles and rates, and paleoseismic histories of the 
principal seismogenic structures.

Seismic-reflection studies of offshore northern California and southern Oregon show that 
the SCSZ is dominated by northwest- to north-northwest-trending, west-verging thrust and reverse 
faults (and related folds) that form imbricate thrust fans (fig. 1). Many faults merge downward 
into sole thrusts that extend to or near the Gorda-North America plate interface. This compressive 
deformation expresses Gorda-North America plate convergence, strong interplate coupling, and 
contraction across the North America plate margin. Deformation and paleoseismicity associated 
with two of the principal thrust systems, the Mad River and Little Salmon fault zones (fig. 1), have 
been extensively studied on land in the Arcata, California, area. Two faults in the Mad River fault 
zone (MKF and MRF, fig. 1) record eight coseismic slip events averaging 3.5 m of dip slip per 
event during late Pleistocene and Holocene time. The Little Salmon fault zone (LSF, fig. 1) has 
experienced at least three slip events of as much as 4.5 to 6.5 m per event at intervals ranging from 
300 to 560 years during the past 1,700 years. The most recent event occurred about 300 y BP. At 
the Mad River Slough and Clam Beach (MRS and CB, fig. 1), as many as 4 or 5 episodes of 
sudden, coseismic subsidence and uplift are recorded by buried marsh peats and fossil forests and 
by uplifted late Holocene marine terraces. ^C dates suggest that these fault offset, subsidence and 
uplift events were synchronous (within the range of ^C age uncertainty). The Little Salmon fault 
zone, onshore and offshore, is about 100 km long and relationships between rupture area and 
magnitude indicate that these events, if of local origin, had magnitudes of about 7.8. However, it 
is probable that these events actually reflect episodic deep subduction earthquakes and that 
magnitudes were much greater.

Work conducted during the past year was directed at expanding knowledge of the tectonic 
framework and Quaternary structure of the region between Coos Bay, Oregon, and Eureka, 
California, and of the coseismic deformation history of major structures of the southern Cascadia 
folded thrust belt, and at using these and related data to estimate the breadth of the coupled and
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Thrust fault, 
barbs on 
upper plate

Figure 1. Plate tectonic setting of the northwestern California continental margin. Arrows indicate 
oceanic-plate motions relative to North American plate. Barbed line shows the base of the 
continental slope the approximate boundary between the Gorda and North American plates. 
Half arrows on inset map indicate relative motions along the Blanco fracture zone and the 
Mendocino fault. Abbreviations are as follows: Locations, CB = Cape Blanco; CC = 
Crescent City; CM = Cape Mendocino; E = Eureka; KI = Klamath River; SR = Smith River, 
TH = Trinidad Head. Structural features, BFZ = B anco fracture zone; CSZ = Cascadia 
subduction zone; ERS = Eel River syncline; GR = Gorda Ridge; LSF = Little Salmon fault; 
MF = Mendocino fault; MRFZ = Mad River fault zone; MTJ = area of Mendocino triple 
junction; SAP = San Andreas fault; SCSZ = Southern Cascadia subduction zone; SD (heavy 
dotted line) = Structural discontinuity mentioned in text. Study sites, CS = Clam Beach; 
LSF = Little Salmon fault; MKF McKinleyville fault; MRF = Mad River fault; MRS = Mad 
River Slough.
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presumably seismogenic part of the Gorda-North America plate interface and the likely magnitudes 
of paleoseismic events in the SCSZ.

Results

1. Structure and late Cenozoic tectonic framework between Crescent City, California, and Coos 
Bay, Oregon.

In northern California, the Franciscan Central and Coastal belts are separated by a pre- 
Miocene suture the Coastal belt fault that extends seaward near Arcata (fig. 2). North of 
Cape Blanco, Oregon, the Siletz River Volcanics and Fulmar terrane are similarly separated by 
a lengthy late Eocene or Oligocene suture, the Fulmar fault (Snavely, 1987). The Fulmar fault 
lies mostly offshore but extends onland south of Coos Bay. Varied permissive evidence 
suggests that the Fulmar terrane and Franciscan Coastal belt are correlative. If so, the Fulmar 
fault and Coastal belt fault originated as a simple north-trending colinear suture marking a late 
Eocene or Oligocene accretionary event that affected most of the northern California-Oregon 
margin. As such, it would provide a valuable structural piercing point throughout this region; 
study of the manner in which this suture has been disrupted by younger faulting would yield 
critical and definitive evidence concerning the Neogene tectonic history of the region.

We have mapped the Coastal belt fault offshore northward to the extended California-Oregon
border, and Snavely 1 has mapped the Fulmar fault southward to south of Coos Bay. 
Alternate hypotheses exist concerning fault location in the intervening region of southern
Oregon between 42°N and 43°N (fig. 2). The Coastal belt fault may parallel the coastline 
offshore, as suggested by regional aeromagnetic data, or it may join the onland Whalehead 
fault, which forms the eastern boundary of the allochthonous Gold Beach terrane in southern 
Oregon. The latter alternative has a significant neotectonic implication that the Crescent City 
platform is underlain by a series of youthful duplexed thrust sheets.

Field reconnaissance and reexamination of offshore seismic-reflection and aeromagnetic data 
from southern Oregon suggest, but do not establish, that the Coastal belt and Whalehead faults 
join offshore southern Oregon. Coordinated onshore and offshore studies may be required to 
wholly resolve this issue, which is critical to the completion of work to determine the regional 
neotectonic fabric of the northern California-Oregon margin. Critical gaps in offshore
seismic-reflection data coverage in southern Oregon between about 42°N (California-Oregon
border) and 42°50'N (Cape Blanco), especially inshore, and the lack of aeromagnetic data 
from offshore northern California hamper onshore-offshore correlations in a structurally 
complex area. These gaps may be filled in FY 93 or later in conjunction with offshore 
EDGE/DCS studies of this region, coupled with small boat high-resolution seismic-reflection 
profiling in nearshore areas. Continued field study of this region and interpretation of a small 
number of newly acquired industry seismic-reflection lines is planned for the current year.

1 Snavely, P.O., Jr., 1987, Tertiary geologic framework, neotectonics, and petroleum potential 
of the Oregon-Washington continental margin, in Scholl, D.W., Grantz, A., and Vedder, J.G., eds., 
Geology and resource potential of the continental margin of western North America and adjacent 
ocean basins-Beaufort Sea to Baja California: Circum-Pacific Council for Energy and Mineral 
Resources, Earth Science Series, v. 6, p. 305-335.
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124 fl

41° -

Figure 2. Sketch map showing postulated extension of the Coastal belt (Freshwater) fault from 
near Arcata, California, to the central Oregon offshore. Locations: A - Arcata; CB - Cape 
Blanco; CC - Crescent City; CM - Cape Mendocino; CY - Coos Bay. Fulmar terrane lies west 
of the Fulmar fault in the Oregon offshore north of Cape Blanco. Franciscan Coastal belt lies 
west of the Coastal belt fault on land and offshore in tie vicinity of Arcata, California.
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2. Previously unmapped faulting onland in the Patricks Point-Crescent City area, northern 
California.

Many structures mapped from offshore seismic-reflection data project landward between 
Patricks Point, California, and the California-Oregon border (fig. 1). These structures are 
suggested on land by up-to-the-east steps in accordant ridge summits, deformed marine terrace 
deposits and geomorphic lineaments, but remain largely unstudied because they lie principally 
in forested, landslide-prone and extensively sheared Franciscan bedrock.

Field reconnaissance in the coastal segment south of Crescent City has produced evidence that 
at least four thrust faults cut the coast in the vicinity of the Klamath River. Although the faults 
were not exposed in densely vegetated areas, apparent vertical separations of the base of the 
Pleistocene Gold Bluffs sediments are generally <90 m, suggesting that the large fault systems 
mapped offshore have considerably reduced vertical separations landward along the eastern 
margin of the southern Cascadia fold and thrust belt. This observation, that the fold and thrust 
belt dies out eastward, is consistent with seismicity data from the Eureka to Cape Mendocino 
area that show an eastward decrease in North America plate seismicity associated with Gorda
plate convergence (McPherson2).

Field reconnaissance in the Crescent City-Smith River area indicates that the complex system 
of thrust, back thrusts, and fault-related folds offshore is represented on land by marine- 
terrace deformation similar to that mapped farther south in the Humboldt-Arcata Bay area near 
Eureka. Marine-terrace deposits (thought to be 83 to 130+ ka) have been tilted and warped 
across broad folds that probably overlie buried thrust tips. It is probable that soil 
chronosequences can be developed and dated in the Crescent City area, and that these data can 
be used to establish Quaternary terrace deformation styles and rates. In addition, coring in the 
axis of a prominent northwest-trending syncline north of Crescent City is likely to yield high- 
marsh peats and intertidal mud sequences that record late Pleistocene coseismic subsidence 
events.

3. Late Holocene subsidence history of the Eel River syncline.

Displaced dated soil horizons together with dated evidence of coseismic uplift and subsidence 
have established the paleoseismic history of the 100-km-long Little Salmon fault (LSF, fig. 
1) the principal thrust fault of the SCSZ. Three Little Salmon fault offsets have been dated, 
the most recent at about 300 y BP. Determination that a separate major structure the Eel 
River syncline moved synchronously with the Little Salmon fault during one or more of 
these events would strengthen arguments that the Little Salmon deformation involved multiple 
major structures and that it records intermittent slip on the underlying SCSZ megathrust.

Reconnaissance mapping (by hand-auger coring) of late Holocene coastal environments in the 
Eel River delta along the axis of the Eel River syncline (fig. 1) was conducted by Wen Hao Li 
of Humboldt State University. At least two peats representing former high-marsh surfaces 
were widely encountered. The uppermost buried peat has yielded a tentative l^C age of about 
290 y BP, suggesting that this event was synchronous (within the range of ^C age 
resolution) with the youngest event associated with the Little Salmon fault, thus supporting the 
thesis that the Little Salmon events reflect SCSZ megathrust displacements at depth. 
Vibracoring to obtain undisturbed 3" cores for microstratigraphic, micro-paleontologic, and 
paleobotanic study was subsequently carried out along two north-south traverses across the 
flanks of the syncline, and several suitable cores were collected.

2McPherson, B.C., 1989, Seismicity and focal mechanisms near Cape Mendocino, northern 
California, 1974-1984, MS thesis, Humboldt State University, 75 p.
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Study of these cores, presently underway, should also help establish both short-term 
subsidence and interseismic uplift rates of the Eel River syncline. Extrapolated offshore, this 
information can be combined with known rates of deformation on the major thrust systems to 
produce an actualistic, three-dimensional model of sudden seafloor deformation leading to 
tsunami generation in this region.

4. Breadth of the coupled zone between the Gorda and North America plates, and implications 
for paleoseismic magnitudes.

The absence of historic (~ 200 years) subduction-r^lated earthquakes along the southern 
Cascadia subduction zone together with clear evidence^ of late Quaternary convergence-related 
compressive deformation of the northern California margin supports the conclusion that the 
Gorda and North America plates are coupled, or "locked," across the SCSZ megathrust This 
conclusion is bolstered by evidence of episodic large late Holocene earthquakes derived from 
studies of coseismic deformation in near coastal Washington, Oregon and northern California. 
Determination of the area of the coupled zone, the zone over which elastic strain is stored and 
released, is fundamental to the estimation of the magnitudes of past seismic events in this 
region. Evidence from the SCSZ suggests that the breadth of the coupled zone is 70-80 km, 
and permits estimates of magnitudes to be made using various rupture-length scenarios.

The west edge of the coupled zone is determined by the coincidence of: (a) a discontinuity in 
the trends of youthful structures on the outer margin of northern California (SD, Fig.l). 
Folds and thrust faults west of this discontinuity trend N to NNW, parallel to the CSZ 
deformation front and non-orthogonal to the direction of Gorda plate convergence. Structures 
east of the discontinuity trend NW to NNW, approximately orthogonal to the direction of plate 
convergence. This discontinuity is interpreted as the boundary between, to the west, young 
relatively water-saturated offscraped Gorda plate cover sediment that lacks the strength to 
deform brittlely and, to the east, the older, thickened part of the accretionary wedge that has 
acquired sufficient strength to transfer compressional stress from the subducting plate, to 
which it is coupled, upward through the overlying strata, (b) the approximate western limit of 
shallow, compressive North American plate seismicity. The region west of the discontinuity 
is essentially aseismic, consistent with decoupling, whereas the region to the east is seismic, 
consistent with coupling to Gorda plate.

The east edge of the coupled zone is less sharply defined, but is determined by the 
approximate coincidence of: (a) the eastern margin of the fold-and-thrust belt that is 
orthogonal to Gorda plate convergence and that is believed to express in interplate coupling; 
(b) a bend in the subducted Gorda plate (determined from seismicity data) at which the plate 
dip increases from 10° - 11° (to the west) to about 25° (to the east) (fig. 3); and (c) the eastern 
extent of compressive seismicity at or near the Gorda-North American plate interface. North 
America plate seismicity to the west is compressional and is believed to express interplate 
coupling. Seismicity to the east is tensional, and is believed to be associated with normal 
faulting in the sinking Gorda slab.

The western edge of the coupled zone (i.e. the structural discontinuity) lies about 20 km 
landward of the CSZ deformation front in northern California (Fig. 1), and the eastern edge of 
the zone is about 90 + km landward of deformation front. Thus, the coupled zone averages 
about 70-80 km in breadth in this region. Depths to the coupled zone range from about 6 1/2 
km on the west to about 20 km on the east.

Various scenarios concerning rupture length can be 
segmented, and the southern CSZ (between the Blan 
triple junction) to act independently of the rest of the

proposed. If one presumes the CSZ to be 
o transform fault and the Mendocino 

CSZ, the length of the southern segment
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Figure 3. Sketch showing breadth of zone of Gorda-North America plate coupling off northern 
California.
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of the CSZ is about 240 km. The resulting rupture area would be about 17,000 - 19,000 
km2, and would yield an earthquake magnitude of about 8.4.

While possible, this scenario suffers from the observation that subduction zone earthquake 
sequences elsewhere in the world commonly propagate across apparent structural boundaries, 
such as the Blanco fault, in the downgoing plate. If the events recorded in Washington and 
northern California prove to be synchronous, then a much greater length, perhaps 900 km or 
more, of the CSZ may have ruptured in a single event in the past. If the breadth of the 
coupled zone remains about 70-80 km throughout the Oregon and Washington margin, the 
resulting rupture area would be 63,000 - 72,000 km2 or larger, and the corresponding 
magnitude would be about 9, or greater. While this scenario is speculative, it is not 
contraindicated by the data now available.

Reports

Clarke, S.H., Jr., 1990, Map showing geologic structures of the northern California continental 
margin, U.S. Geological Survey Miscellaneous Field Studies Map,M¥ 2130, scale: 
1:250,000, with interpretive text.

Clarke, S.H., Jr., in press, Geology of the Eel River basin and adjacent region: Implications for 
late Cenozoic tectonics of the southern Cascadia isubduction zone and Mendocino triple 
junction, American Association of Petroleum Geologists Bulletin, 53 p., 10 figs.

Clarke, S.H., Jr., and G.A. Carver, in press, Late Holocene tectonics and paleoseismicity, 
southern Cascadia subduction zone, Science, 15 p., 5 figs.

Snavely, P.D., and R.E. Wells, 1991, Cenozoic evolution of the continental margin of Oregon and 
Washington, U.S. Geological Survey Open-File Report 91-44IB, 34 p.
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Partial Support of Joint USGS-CALTECH 
Southern California Seismographic Network

#14-08-0001-A0613

Robert W.Clayton 
Egill Hauksson

Seismological Laboratory,
California Institute of Technology

Pasadena, CA 91125 (818-356-6954)

INVESTIGATIONS
This Cooperative Agreement provides partial support for the joint USGS-Caltech 

Southern California Seismographic Network. The purpose is to record and analyze data 
from more than 10,000 local earthquakes every year and generate a data base of phase data 
and digital seismograms. The primary product derived from the data base is a joint USGS- 
Caltech catalog of earthquakes in the southern California region. We also provide rapid 
response to media and public inquiries about earthquakes.

For more detailed information about data access, please contact:
Dr. Kate Hutton at (818)-356-6959; 

or with E-mail: kate@bombay.gps.caltech.edu.

RESULTS
Network Operation

Southern California Seismographic Network. The SCSN has 220 remote sites (with 
300 components) and gathers data from local, regional and teleseismic earthquakes. These 
data are used for earthquake hazards reduction as well as for basic scientific research. The 
earthquake hazards reduction effort has become more important as moderate-sized 
earthquakes continue to occur within densely populated areas in southern California. The 
last damaging earthquake to occur was the (ML=5.8) Sierra Madre earthquake of 28 June 
1991, located 20 km northeast of Pasadena. It caused over $40 million in damage.

The average rate of 15 publications per year over the last 10 years using the network 
data illustrates the strength of the ongoing research activities that use the network data. 
Continued efforts to improve data quality and accessibility have created the arguably best 
regional earthquake data base in the world. The ongoing upgrading of the quality of the 
waveforms recorded by the short-period network and the addition of low-gain 
seismometers and accelerometers provide numerous new avenues of research. Most 
important of these is analysis of on-scale waveforms to determine source, path and site 
effects.

The USGS operates most of the remote stations in the SCSN. Caltech operates: 1) 24 
short period telemetered stations; 2) 7 stations with local photographic recording of Wood- 
Anderson seismometers; and 3) 5 very broadband TERRAscope stations; in 1992 we plan 
to install 10 more TERRAscope stations. Caltech also maintains drum recorders and other 
equipment at the central site located in the Seismological Laboratory at Caltech.

The computer equipment at the central site is being upgraded and a switch-over to the 
new computers is planned in January 1992. The SCSN data will be recorded by two 
micro VAX-HI computers and the data processing will be done on three VAX workstations

213



II

using a VAX-4000 as a central server. The operation of this equipment is shared by 
Caltech and USGS personnel. To avoid duplication, software development is done in 
cooperation with the USGS in Menlo Park.

More than 10,000 earthquakes are entered into the southern California earthquake 
catalog every year. Approximately 1.0-1.5 Mbytes of rjhase data and 10-15 Gbytes of 
seismograms are archived every year. In addition to jhe data analysis we carry out 
software maintenance, hardware maintenance and other tasks necessary to complete the 
catalog. Caltech and USGS maintain a data base that includes: 1) earthquake catalog 
(1932-present); 2) phase data (1932-present); 3) photographic paper seismograms (1930- 
present); and 4) digital seismograms (1977-present). The earthquake catalog (1932- 
present) and phase data (1960-present) are available via dial-up and over INTERNET. 
Other data are available upon request. This data base is being made available to the 
DC/SCEC and will be the most voluminous part of the data stored in the DC/SCEC.

Near real-time reporting to USGS in Reston and the Governor's Office of Emergency 
Services and other response to any felt or damaging earthquake activity is provided by 
network personnel.

The Data Center of the Southern California Earthquake Center. This center will 
significantly increase the use of the data from SCSN for scientific research. The mass- 
store system, which became operational on 1 October 1991, provides on-line storage for 
more than 300 Gbytes of data. The availability of 60 years of catalog, 30 years of phase 
data, and 14 years of digital seismograms on both UNIX and VMS computers and on-line 
over INTERNET/NSFNET improves the access to the data.

Seismicity October 1990 - September 1991
The Southern California Seismographic Network (SCSN) recorded 9094 earthquakes

during the 12 months from October 1990 through Septem )er 1991, an average of 758 per 
month, making it a quiet reporting period (Figure 1). There were six events of M]^4.0 
and 23 events of Mi^3.5 in southern California during the last 12 months.

The largest event was the (ML=5.8) Sierra Madre earthquake of 28 June 1991, which 
occurred 18 km northeast of Pasadena at a depth of 12.5 km under the San Gabriel 
Mountains of the central Transverse Ranges (Figure 2b). The mainshock focal mechanism, 
derived from first motion polarities, exhibited pure thrust faulting on a plane striking east- 
northeast and dipping 50° to the north. The event appears to have occurred on the 
Clamshell-Sawpit Canyon fault, an offshoot of the Sierra Madre fault system, although 
because all of the 104 recorded aftershocks are in the depth range of 9-14 km, the relation 
to surface faults can only be hypothesized. The largest aftershock had a magnitude of ML 
4.3 and a similar focal mechanism (Figure 2b).

Two events originated in the southern San Joaquin Valley. The first a ML4.2 
earthquake occurred on 18 December 1990 and was located, 8 miles east of Bakersfield 
(Figure 2a). The second occurred on 3 April 1991 and was located near the northeast end 
of the White Wolf fault. Two earthquakes were located southwest of Los Angeles, one 
was a ML3.8 event, located in the Costa Mesa area, near the Newport-Ingle wood fault on 
17 October, 1990, the second occurred 9 miles north-northeast of Avalon, Catalina Island 
on 9 April 1991. In May, July and early August 1991 five events occurred along the San 
Jacinto fault.

During the last 12 months the prominent areas of microseismicity were the usual ones: 
the Coso and Kern River areas, the San Jacinto fault, the southern Elsinore fault, the 
Imperial Valley and the San Bernardino and Little San Bernardino Mountain areas. 
Aftershocks continued at a rate clearly higher than background in the Oceanside sequence 
(ML5.3 on July 13, 1986) and the Coalinga sequence (ML6.3 on May 3, 1983). 
Focal Mechanisms

The focal mechanism for earthquakes of M>3.5 are shqwn in Figure 2a and 2b. A total 
of 23 events of M>3.5 were recorded in southern California from 1 October 1990 to 30
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September 1991 and reliable focal mechanisms could be determined for 18 events. One 
ML3.5 event (31 January 1991) for which a focal mechanism was not determined, 
occurred at a shallow depth (probably less than 1 km) in the Orcutt Oil Field in the Santa 
Maria basin. This event was most likely induced in the oil field. Several other events are 
either preceded by immediate foreshocks or only a few first motion polarities are available 
because they are located near the edges of the network. Strike-slip faulting is observed in 
the southern San Joaquin Valley. The western and central Transverse Ranges are 
dominated by reverse faulting while the eastern Transverse Ranges and the Peninsular 
Ranges are dominated by strike-slip faulting. Three events showing strike-slip faulting 
occurred in the San Bernardino Mountains. Five events showing strike-slip faulting 
occurred along the San Jacinto fault zone. One event (14 December 1990) showing strike- 
slip faulting was recorded north of the Coso Geothermal Area. 
Weekly Seismicity Report

In January 1990, the Seismographic Network initiated a weekly seismicity report, 
patterned after a similar report issued by the U.S. Geological Survey in Menlo Park. The 
language of the "earthquake report" is aimed at the general public. The report has been 
enthusiastically received. A few members of the local media have started basing regular 
news features on it.

TABLE . Locations and Focal Mechanisms of M>3.5 Earthquakes that 
Occurred During October 1990 - September 1991

Origin 
Day

901018
901109
901115
901214
901217
901218
910131
910131
910308
910403
910409
910412
910520
910520
910530
910628
910628
910629
910629
910705
910709
910719
910803

Time 
UT

1721
0711
1738
1422
1744
1656
0039
2328
0927
1729
0751
1945
1500
1504
0647
1443
1700
1753
1753
1741
0906
0241
0959

56.0
19.8
18.2
33.0
21.2
43.0
05.3
18.0
35.5
46.9
20.1
6.7
53.4
10.0
59.2
54.5
55.5
39.6
52.0
57.1
11.5
36.8
49.8

Latitude
N

33
34
35

38.24
25.66
55.43

36-33.60
34
35
36
34
34
35
33
34
33
33
32
34
34
34
34
34
33
33
34

12.40
22.45
03.20
49.23
09.00
27.86
28.25
30.51
46.88
46.74
50.92
15.69
15.18
55.32
54.51
29.82
29.49
12.75
05.61

Longitude 
W

-117
-116
-117

52.68
48.52
42.28

-117-55.82
-117
-118
-121
-120
-116
-118
-118
-119
-116
-116
-116
-117
-117
-116
-116
-118
-116
-115
-117

01.28
50.75
41.74
23.00
43.11
19.45
15.76
00.92
56.08
56.01
39.80
59.97
59.52
32.47
34.76
33.33
25.45
58.09
18.73

Mag
ML

3.8
3.5
3.5
3.6
3.7
4.2
3.5
3.5
3.7
3.5
3.5
3.5
3.7
3.5
3.7
5.8
4.3
3.6
4.0
4.1
3.7
4.0
3.5

Depth 
km

3.24
3.74
5.55
6.0

5.96
6.00
6.00
1.00

11.16
8.91
6.92
3.76
12.77
12.39
6.00
10.53
9.47
6.00
6.00
10.90
7.35
3.10
17.28

CUSP-ID

2006524
1062836
2007530
2008930
2009059
688784

2011299
2011371
2013964
2015771
2016096
694013
695381
695382

2019878
2021449
2021473

51520
2021565
2022113
2022070
697556
698180

Focal Mechanisms 
Ddir Dip Rake

95
115

330
310
185

70
215
160
110
300
135

165
215
70

210
135
225
150

75 -150
80 0

60 -20
45 0
80 -140

90 170
55 170
80 40
80 -20
60 -30
80 30

40 100
50 140
55 -140

60 100
70 30
80 150
70 0
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PUBLICATIONS USING NETWORK DATA (ABSTRACTS EXCEPTED)

Agnew, D. C., and L. M. Jones, Prediction probabilities from foreshocks, /. Geophys.
Res., 96, 11,959-11,971, 1991. 

Bryant, A. S., and L. M. Jones, Anomalously deep crustal earthquakes in the Ventura
Basin, California, /. Geophys. Res., 1991, in press. 

Hauksson, E., and S. Gross, Source parameters of the 1933 Long Beach earthquake,
Seismol. Soc. Am., Bull., 81, 81-98, 1991. 

Hauksson, E., and L. M. Jones, The 1988 and 1990 Upland earthquakes: Left-lateral
faulting adjacent to the Central Transverse Ranges, J. Geophys. Res., 96, 8143-8165,
1991. 

Jones, L. M., K. E. Sieh, D. Agnew, C. Alien, R. Bilham, M. Ghilarducci, B. Hager, E.
Hauksson, K. Hudnut, D. Jackson, A. Sylvester, K. ^ki, and F. Wyatt, Short-term
Earthquake Alerts for the Southern San Andreas Faultj U. 5. Geological Survey Open
File Report 91-32, pp., 1991. 

Kisslinger, C., and L. M. Jones, Properties of aftershock sequences in southern
California, /. Geophys. Res., 96, 11,947-11,958, 1991. 

Michael, A. J., Spatial variations in stress within the 1987 Whittier Narrows, California,
aftershock sequence: New techniques and results, /. Ceophys. Res., 96, 6303-6319,
1991. 

Mori, J., Estimates of velocity structure and source depth using multiple P waves from
aftershocks of the 1987 Elmore Ranch and Superstition Hills, California, earthquakes,
Seismol. Soc. Am., Bull., 81, 508-523, 1991. 

Sen, M. K., Modeling of Wave Propagation in northern Los Angeles Basin, Bull.
Seismol. Soc. Amer., 81, 751-768, 1991. 

Su, F., K. Aki, and N. N. Biswas, Discriminating quarry blasts from earthquakes using
coda waves, Seismol. Soc. Am., Bull., 81, 162-178, 1991.
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Southern California
October 1990 - September 1991

32°
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Figure 1. Map of epicenters of earthquakes in the southern California region, 1 October 
1990 to 30 September 1991.
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FOCAL MECHANISMS > 3.5
OCTOBER 1990 - APRIL 1991

II
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Figure 2a. Focal mechanisms of earthquakes of M£3.5 that occurred in 
southern California from 1 October 1990 to 30 March 1991. (See also 
enclosed table).

FOCAL MECHANISMS ^ 3.5
April - September 199l1

Figure 2b. Focal mechanisms of earthquakes of M£3 5 that occurred in 
southern California from 1 April to 30 September 19S1. (See also 
enclosed table).
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INVESTIGATION OF PEAT STRATIGRAPHY IN ESTUARINE FLATS NEAR
ANCHORAGE, ALASKA, AS A MEANS OF DETERMINING RECURRENCE

INTERVALS OF MAJOR EARTHQUAKES

14-08-0001-G1949

Rodney A. Combellick and Richard D. Reger
Alaska Division of Geological & Geophysical Surveys

794 University Ave., Suite 200
Fairbanks, Alaska 99709

(907) 474-7147

Investigations

We are conducting borehole drilling with continuous core sampling at three estu­ 
aries along the eastern shore of Cook Inlet south of Anchorage, Alaska (fig. 1), to de­ 
termine cycles of late-Holocene estuarine deposition and coseismic subsidence in the 
Cook Inlet region. Our goal is to obtain subsurface data from as many estuaries as pos­ 
sible in the Kenai Peninsula portion of the region that subsided during the great earth­ 
quake of 1964. The resulting database should help to provide a regional chronology of 
coseismic subsidence during the late Holpcene.

Our previous drilling along Turnagain and Knik Arms in upper Cook Inlet revealed 
multiple submerged peat layers, possibly associated with six to eight coseismic subsi­ 
dence events during the past 4,700 calendar years, which corresponds to a recurrence 
interval of 590 to 780 years (Combellick, 1990). The current program involves drilling 
and examination of tidal-channel exposures in estuaries of Fox River (Kachemak Bay), 
Kasilof River, and Kenai River.

Results

As indicated in our April 1991 project summary, we drilled nine boreholes to a 
maximum depth of 12 m at Fox River flats near Homer (fig. 1) in February 1991. Although 
the estuarine muds contained some horizons with abundant plant debris, none of the 
boreholes revealed distinct peat-silt couplets similar to those we observed in Turnagain 
and Knik Arms. We returned to Fox River flats in May 1991 to drill eight additional 
shallow holes with hand auger and to examine bluff exposures more closely. Fox River 
flats appears to be devoid of buried peat layers or other strong evidence of pre-1964 
coseismic subsidence. However, the estuarine muds locally contain distinct layered 
concentrations of salt-marsh plant fossils, well below modern ordinary high water, 
which may have been submerged and buried as a result of coseismic subsidence. We 
are currently evaluating these data and processing samples for textural analysis, radio­ 
carbon dating, and possible microfossil study to develop a model for the sedimentology 
of Fox River flats and to determine possible implications for paleoseismicity of the 
area.

In May and June 1991, we examined extensive river-bluff exposures at Kenai and 
Kasilof River flats (fig. 1). Additionally, we drilled four boreholes to a maximum 
depth of 10.4 m at Kenai River flats and two boreholes to a maximum depth of 8.2 m 
at Kasilof River flats. Thick (1.5-m) grassy and woody peat is exposed along the river 
channels near the mouths of both Kenai and Kasilof Rivers and contains up to three 
horizons of rooted tree stumps. These forest horizons may relate to changes in land ele­ 
vation, but may alternatively be due to other climatic or hydrological changes.

Boreholes at Kenai and Kasilof River flats reveal as many as three deeper peat lay­ 
ers that may have been buried as a result of subsidence during earthquakes. The deepest
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of these is a thick (1m) grassy and woody peat buried under about 6 m of estuarine 
mud at Kasilof. We have finished describing, photographing, and sampling these cores 
and are preparing the samples for radiocarbon dating, textural analyses, and possible 
microfossil identification.

ALASKA-n

Figure 1. Cook Inlet region, Alaska.

Reports

Combellick, R.A., 1986, Chronology of late-Holocene earthquakes in southcentral 
Alaska: Evidence from buried organic soils in upper Turnagain Arm: Geological 
Society of America Abstract with Programs, V. 18, no. 6, p. 569.

Combellick, R.A., 1990, Evidence for episodic late-holocene subsidence in estuarine 
deposits near Anchorage, Alaska: Basis for determining recurrence intervals of 
major earthquakes: Alaska Division of Geological! & Geophysical Surveys Public- 
Data File 90-29, 67 p.

Combellick, R.A., 1991, Paleoseismicity of the upper Cook Inlet region, Alaska, as 
recorded by peat stratigraphy in nine tidal-flat boreholes: Geological Society of 
America Abstracts with Programs, v. 23, no. 2, p. 15.

Combellick, R.A., 1991, Paleoseismicity of the upper 
dence from peat stratigraphy in Turnagain and 
Geological & Geophysical Surveys Professional

Knik
Cook Inlet region, Alaska: Evi-

Arms: Alaska Division of 
Report 112, in press.
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TECTONICS OF SEISMIC SOURCE ZONES, 
CENTRAL INTERIOR OF THE UNITED STATES

9950-04542

ANTHONY J. CRONE
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966,

Denver, Colorado 80225
(303) 236-1595

PURPOSE OF PROJECT

This large multidisciplinary project is designed to provide basic geologic and geophysical 
information on the distribution, characteristics, and frequency of large earthquakes in the 
central interior of the United States and contribute to a better understanding of the structural 
features that might produce large, potentially damaging intraplate earthquakes. Project 
members are: Donley S. Collins, Anthony J. Crone, Richard L. Dart, Sharon F. Diehl, William L 
Ellis, Meridee Jones-Cecil, Donald T. Rodbell, and Henri S. Swolfs.

INVESTIGATIONS

Subsurface Stratigraphy and Structure -New Madrid Seismic Zone (NMSZ)

R.L. Dart revised a series of previously finalized subsurface geologic maps of Paleozoic 
rocks in the New Madrid region to incorporate additional drill-hole data that was acquired as a 
result of recent visits to State Geological Survey offices in the region. Much of the new data is 
from drill holes located beyond the boundary of his original study area, which extended from 
34°30' to 37°45' N. and 88° to 91°30' W. He is also converting his comprehensive catalog of 
subsurface geologic data in the New Madrid region to the GIS ARCINFO system. This work should 
be completed in early 1992.

D.S. Collins continued to analyze insoluble residues of cuttings from important deep drill 
holes throughout the New Madrid region to assist in correlating and clarifying the structural 
relations between Lower Paleozoic rocks in the Reelfoot rift. He is currently processing 
selected samples of cuttings from the Strake Petroleum #1 Russell drill hole (Pemiscot Co., 
southeastern Missouri) to examine the stratigraphy, depositional history, and tectonic 
framework of Lower Paleozoic rocks near the apex of the Pascola Arch.

S.F. Diehl has continued her petrographic and scanning electron microscope (SEM) analyses 
of core and cuttings from significant deep drill holes in and adjacent to the Reelfoot rift. Diehl 
and F. A. McKeown have plotted hydrologic data (Brahana and Mesko, 1987), such as fluid 
pressure and water temperature from drill holes in the Mississippi Embayment, on a 
structural map of the New Madrid region to examine the relation between areas of high fluid 
pressure and earthquakes.

H.S. Swolfs continued his analyses of structural features in the Dow Chemical Co. #1 
Garrigan drill hole in Mississippi County, Arkansas, to clarify the origin, evolution, and extent 
of deep-seated seismogenic structures that underlie and are perhaps associated with 
structurally high features in the Reelfoot rift. This drill hole is on the southeastern flank of the 
Blytheville Arch, a major structural feature that coincides with the narrow, 120-km-long 
(74.4 mi) trend in seismicity between Marked Tree, Arkansas and Caruthersville, Missouri. 
He prepared a manuscript summarizing the results of these investigations for publication in 
Seismological Research Letters.
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A.J. Crone completed a preliminary analysis of about 135 km (83.7 mi) of seismic- 
reflection data across the southeastern margin of Reelfoot rift to clarify the geologic history and 
the earthquake potential of the rift-bounding faults, particularly near to Memphis, Tennessee. 
He prepared a draft of a manuscript summarizing the results of this analysis for publication in 
Seismological Research Letters.

Crone also finalized the purchase of 75 km (46.2 mi) of Vibroseis  seismic-reflection data 
near the southwestern end of the Blytheville Arch to precisely define the extent of the arch, and 
thereby determining the areal limits of a major seismic source zone in the New Madrid region.

Quaternary Deformation and Paleoseismicity NMSZ

D.T. Rodbell began two interrelated investigations of Quaternary deposits in western 
Tennessee. One investigation involves mapping and determining the age and gradient of alluvial 
terraces along the Obion River in northwestern Tennessee to identify areas of possible 
Quaternary deformation related to the NMSZ. The second investigation focuses on determining 
the distribution of liquefaction features on terraces of various ages, and attempting to identify 
and date liquefaction features that predate the 1811-12 earthquakes. This effort seeks to 
provide paleoseismologic data of the recurrence of large earthquakes in the region.

Distribution of Stress NMSZ

W.L Ellis completed his compilation and review of published stress indicators and stress- 
measurement data for 36 locations within a radius of approximately 250 km of the NMSZ. He 
also began assembling data to compare the results of shallow (<0.3 km) versus deep (>1 km) 
stress measurements and other stress indicators (i.e., borehole breakouts and earthquake focal 
mechanisms) in areas where both shallow and deep stress data are available. The goal of this 
study is to determine if shallow stress measurements can reliably reflect deep-seated regional 
stresses in the crust and, as a result, evaluate the relative merits of shallow and deep stress 
measurements as means of improving our understanding of the mechanisms that control 
intraplate seismotectonics. He prepared a draft of a manuscript summarizing stress- 
measurement data in the New Madrid region for publication in Seismological Research Letters.

Investigations of the Meers Fault. Southwestern Oklahoma

M. Jones-Cecil continued her geophysical investigations of the Meers fault to assess its 
seismic potential. The fault is a rare example of an exposed, recently reactivated and probably 
seismogenic fault in the central and eastern United Statei. Hence, understanding its role in the 
structural framework of the more extensive Frontal Wicnita fault zone and characterizing the 
deformation and properties of rocks associated with the Meers fault may clarify why some 
intraplate faults have the potential to generate earthquakes. The geophysical study seeks to 
define the geometry of the Meers fault in the upper crust and the interaction of the Meers fault 
with other faults in the Frontal Wichita fault zone. Jones-Cecil, assisted by L.-A. Bradley 
(Branch of Geologic Risk Assessment), collected detailed ground-magnetic data along three 
profiles across the Meers fault and magnetic susceptibility data at several other sites to 
supplement existing geophysical data. The existing data include a USGS aeromagnetic survey, 
eight ground-magnetic profiles, in situ and laboratory magnetic-susceptibility and density 
measurements (in collaboration with L.-A. Bradley), regional and detailed gravity data 
(compiled and collected in collaboration with S.L. Robbins and C. Williamson, Branch of 
Sedimentary Processes), and reconnaissance VLF (vety low frequency) data. In addition, 
Jones-Cecil is conducting paleomagnetic, petrologic, ahd shear-plane analyses of drill core 
(provided courtesy of Kenneth V. Luza, Oklahoma Geolog cal Survey) from a series of core holes 
adjacent to the Meers fault to examine the characteristics and properties of the rocks in the 
fault zone.

In conjunction with Jones-Cecil's work, D.S. Collins has examined the petrology of 28 thin 
sections and hand samples of core from three holes drilled adjacent to the fault to provide data on
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the lithologies and mineral alteration of igneous rocks adjacent to the fault zone. These 
petrologic investigations will refine models of potential-field data near the fault and will help 
clarify the structural relations between rocks across the fault zone.

Related Investigations

Although not directly funded by NEHRP, Crone and M. N. Machette (Branch of Geologic Risk 
Assessment) prepared a draft of a manuscript during the reporting period, in which they 
describe the results of their G.K. Gilbert Fellowship field studies of the paleoseismicity of the 
1988 Tennant Creek, Australia intraplate earthquakes. The manuscript, which has been 
submitted for publication as a USGS Bulletin, contains lithologic/structural logs of four 
trenches, detailed site maps, plots of scarp profiles, and preliminary results of 
thermoluminescence and electron-spin resonance dating. They also submitted two abstracts 
summarizing their Australian studies for presentation at the Geological Society of America 
1991 annual meeting. They compiled and began analysis of the data from their field studies of 
the 1986 Marryat Creek, South Australia fault scarps. Their Australian studies are being 
conducted in collaboration with J. Roger Bowman (Australian National University, Canberra), 
who has studied the seismology of earthquakes.

RESULTS

Subsurface Stratigraphy and Structure NMSZ

Dart has updated and expanded the subsurface database for Paleozoic rocks in the New Madrid 
region by including data from an additional 54 drill holes in the New Madrid region. The 
subsurface structure-contour and isopach maps in the map series had contours that did not 
represent the actual subsurface data in places near the map edges. This edge-contouring 
problem will be remedied by using newly acquired drill-hole data in the surrounding 1°-wide 
perimeter of the established map boundaries. A series of northwest-oriented cross-strike 
profiles and northeast-oriented strike-parallel profiles of the Paleozoic strata, constructed 
from the previously mapped subsurface data, revealed some overlapping contacts of Paleozoic 
units. These erroneous overlaps commonly occurred where mapped units thinned near the 
northwestern and southeastern borders of the Mississippi Embayment or where these contacts 
are shallow or at the ground surface in southeastern Missouri, southern Illinois, or west- 
central Kentucky. Ground-surface elevation data from topographic maps and ground-surface 
geologic data of Paleozoic outcrops are being added to increase the control for contouring the 
subsurface data in these areas. A revised version of these subsurface geologic maps will be in 
review by early 1992.

Dart presented updated versions of the subsurface geologic maps in a poster session at the 
Louis Unfer, Jr., Conference on the Geology of the mid-Mississippi Valley at Southeast Missouri 
State University, Cape Girardeau, Missouri in June, 1991.

Collins1 analysis of the insoluble heavy minerals from the Strake Petroleum #1 Russell 
drill hole indicates that medium- to high-grade metamorphic rocks were exposed in the source 
area during deposition of the Early Paleozoic clastic rocks in southeastern Missouri. The heavy 
minerals include kyanite, zoisite, and staurolite, which indicate a metamorphic source area. 
Heavy minerals from a metamorphic terrain were not found in the Dow Chemical Co. #1 
Garrigan drill hole, which is about 90 km to the south of the Strake drill site. This indicates 
that isolated depocenters having different source terrains were present within the Reelfoot rift 
during Paleozoic time.

In cooperation with John Repetski and Michael Taylor (Branch of Paleontology and 
Stratigraphy), Collins has used paleontological data from core samples to refine stratigraphic 
and structural relations between the Dow Chemical Co. #1 Garrigan and Dow Chemical Co. #1 
Wilson drill holes. An assemblage of Late Cambrian trilobites from 2,434 m (7,986 ft) in the 
Garrigan drill hole is roughly correlative with a similar assemblage from a depth of 3,273-
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3,383 m (10,740-11,100 ft) in the nearby Dow Chemical Co. #1 Wilson drill hole. This 
correlation implies that about 858-949 m (2,754-3,114 ft) of structural relief is present 
between the two drill holes, which are about 27 km apart. Preliminary analysis of conodont 
assemblages places the upper boundary of Ordovician rocks at about 1,109 m (3,640 ft) in the 
Garrigan drill hole and at 2,743 m (9,000 ft) in the Wilson drill hole. The combined trilobite 
and conodont age assignments suggest that 1,325 m (4,346 ft) of calcareous siliciclastic rocks 
in the Garrigan are equivalent in age to about 549 m (1,800 ft) of carbonate rocks in the 
Wilson drill hole. Thus, Late Cambrian and Ordovician rocks in the Garrigan drill hole were 
deposited in a deep basin, whereas, the equivalent rocks in the Wilson hole were likely deposited 
in shallower water and are less than half as thick. The difference in thickness of similar-age 
rocks in these two holes indicates a comparatively high sedimentation rate at the Garrigan
drill-hole site, which may reflect Late Cambrian/Early 
basin.

DiehPs preliminary investigations of ground-water 
collaboration with F.A. McKeown, have revealed that the

Ordovician subsidence in an intra-rift

conditions in the rift, conducted in 
areas of highest hydrologic head (high

fluid pressure) coincide with the major seismicity trends in the NMSZ and with the fault zones 
that bound the rift (fig. 1). Areas of low fluid pressure are located away from both the seismic 
zone and Reelfoot rift. Unusually high fluid pressure in hydraulically connected Cretaceous and 
Paleozoic aquifers in the Upper Mississippi Embayment is well documented in the literature. 
The abnormal pressures seem to be controlled by th0 thickness of confining layers in the 
Paleocene Midway Group and are highest in the parts of Reelfoot rift where the seismicity in the 
NMSZ is most abundant. This observation indicates that a potentially significant relationship 
exists between the seismicity and areas of high fluid pressure and intensely fractured and 
sheared rock in the Blytheville-Pascola Arch complex. The available data suggest that the 
seismicity occurs mainly where both fluid pressure is high and the rocks at seismogenic depths 
are pervasively fractured.

During visits to the Missouri and Arkansas Geological Survey/Commissions in Rolla, 
Missouri, and Little Rock, Arkansas, respectively, Diehl obtained samples of drill cuttings from 
several deep drill holes in the New Madrid region, including the Cockrell Corp. #1 Carter, 
Strake Petroleum #1 Russell, and Houston Oil and Minerals #1 Singer. Petrographic analyses 
of these samples will permit the comparison of structural fabrics and the paragenesis and 
composition of fracture-filling minerals in the subsurface from deep drill holes throughout the 
New Madrid region. The majority of the samples are still being prepared for analysis, but 
preliminary examination of samples of mafic rocks from a depth of 4,267 m (14,000 ft) in the 
Cockrell Corp. #1 Carter drill hole revealed the presence of copper and iron sulfides. If an 
adequate amount of sulfide minerals is available, sulfur-isotopes measurements of these 
samples may determine if these mafic intrusives in the Reelfoot rift could be a source of metals 
for Mississippi-valley-type ore deposits to the northwest of the rift. Also, analysis of the 
copper and iron sulfides might indicate if metallic ore deposits could be present within the rift. 
Petrographic analysis of the mafic rocks may also aid in j interpreting aeromagnetic data.

The preliminary results of Diehl and McKeown's examination of overpressure conditions in 
the Reelfoot rift were presented in an oral presentation at the 1991 meeting of the Eastern 
Section, Seismological Society of America in Memphis, Tennessee.

Swolfs' analyses of cores and borehole geophysical logs of the Dow Chemical Co. #1 Garrigan 
hole suggest the following sequence of paleotectonic events after the formation of the Reelfoot 
rift in Late Proterozoic or Early Cambrian time.

1. A thick sequence of black shale (now at a depthlof 2,585-3,669 m in the Garrigan hole) 
was deposited in an anoxic central basin and was later tilted about 20° to the southeast during an
early phase of deformation in the rift. This tilting could 
other tectonic process that led to structural inversion of
deformation was virtually complete by Late Cambrian tine.

2. The tilted shale was capped or perhaps truncated by a sequence of subhorizontal
sandstone, interbedded sandstone and shale (turbidites),
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2,585 m in the drill hole) of Late Cambrian to Early Ordovician age that signals a renewed 
episode of subsidence in the central basin. A distinctive but poorly understood stratigraphic 
boundary at a depth of 2,858 m corresponds to a lithologic and a structural contact, and is 
tentatively identified as an unconformity.

3. The first and most extensive system of extensionai veins, which strike northwest and dip 
southwest in all three cores from the Garrigan hole, developed perhaps in association with the 
uplift of the northwest-trending Pascola Arch, which is Ideated 50 km to the northeast of the 
drill hole. The attitude and orientation of this vein set is uniform above and below the 
unconformity, which means that it postdates the early deformation phase that involved the 
tilting of the black shale and its subsequent truncation by the overlying strata.

4. A younger system of extensionai veins developed in compacted, lithified, and brittle 
sandstone. This set is only present only above the unconformity and may have developed in 
response to local faulting associated with the uplift of thd BIytheville Arch sometime after Early 
Ordovician time. The nearest fault reported in the drill hole is 25 m above the top of the core.

Swolfs presented the results of this study at the 1991 meeting of the Eastern Section, 
Seismological Society of America, Memphis, Tennessee.

Crone's preliminary interpretation of about 135 km of seismic-reflection data provides 
new information on the structural characteristics of the southeastern margin of Reelfoot rift 
and about the relations between the Crittenden County fault zone (CCFZ) and the subjacent rift- 
bounding faults. On the reflection data, the southeastern boundary of the rift is characterized by 
a 4- to 8-km-wide zone of incoherent reflected energy and disrupted reflectors that extend 
down to at least 12 km. In places, disrupted reflectors at the rift margin extend upward into the 
Upper Cretaceous and Tertiary rocks that fill the Mississippi Embayment. The CCFZ is 
interpreted as a northwest-dipping, high-angle reverse fault with a north west-side-up sense 
of throw, which is opposite to the net structural relief in the underlying graben. Most faults in 
the CCFZ are apparently ancient rift-margin normal faults that have been reactivated as 
reverse faults in the Mesozoic and Cenozoic. The reflection data show that the CCFZ coincides 
with rift-bounding faults that extend down to hypocentral depths. However, the CCFZ is 
unfavorably oriented for reverse slip in the present stress field and may not be capable of 
generating damaging earthquakes. Source-parameter information for earthquakes along the 
southeastern margin of the rift is needed to clarify earthquake hazard associated with the CCFZ. 
The results of this study were presented at the 1991 meeting of the Eastern Section, 
Seismological Society of America in Memphis, Tennessee.

Crone has also completed the purchase of about 75 km of additional seismic-reflection data 
near the southwestern end of the BIytheville Arch, which is the only distinctive geologic 
structure known to be directly associated with one of the major trends in seismicity in the 
NMSZ. These data will permit the southwestern limit of the arch to be mapped and thus 
determine the precise location of a major earthquake source zone with respect to major 
metropolitan areas.

Distribution of Stress NMSZ

Ellis* compilation of the available stress data and stress indicators around the NMSZ 
provides insight into the distribution of crustal stress in the region. Most of the data are 
consistent with an ENE-WSW direction of maximum horizontal stress, which is characteristic 
of the midcontinent, but earthquake-focal mechanism data indicate local variations in the 
horizontal stress orientation that may be related to the intersection of seismogenic structures 
near the central left-stepping part of the NMSZ between Dyersburg, Tennessee and New Madrid, 
Missouri. This area may be part of a transitional zone between (1) thrust and strike-slip 
faulting in the southern Illinois Basin, (2) predominantly strike-slip faulting near and to the
southwest of the NMSZ, and (3) normal faulting in the Ozark Uplift to the northwest. The
available data indicate little variation in the horizontal stress orientations with depth, which 
suggests that shallow stress measurements can realistically reflect stress directions in the
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upper crust. The results of this analysis were presented at the 1991 meeting of the Eastern 
Section, Seismological Society of America in Memphis, Tennessee.

An initial review of published shallow stress measurements shows that horizontal stress 
trajectories are commonly consistent with deeper stress indicators. In some cases, multiple 
shallow measurements of horizontal stress directions are more consistent with the regional 
stress directions inferred from deep earthquake focal mechanisms than the directions measured 
at depths of a kilometer or more. The detailed distribution of stress trajectories near 
earthquake source zones may help identify potentially seismogenic faults and help distinguish 
between various models used to explain the origin of intraplate seismicity. The finding that 
multiple shallow stress measurements commonly reflect the orientation of the regional stresses 
in the upper crust emphasizes the value of using shallow stress measurements to map stress 
trajectories throughout the New Madrid region. Understanding the characteristics of the stress 
field in the New Madrid region and the surrounding midcontinent could provide a better 
understanding of the forces that affect intraplate seismogenesis.

Quaternary Deformation and Paleoseismicitv NMSZ

Rodbell has identified and mapped (scale 1:24 000) three terrace levels along the Obion 
River, a major tributary to the Mississippi River in western Tennessee. The identification of 
three sets of fluvial terraces corroborates the reconnaissance work of Saucier (1987). Three 
parameters are useful in distinguishing the terraces: (1) their elevation above the modern 
river channel, (2) the number of late Quaternary loess units that mantle a terrace surface, and 
(3) the degree to which the terrace has been dissected by tributary streams. These parameters 
provide a basis for accurately correlating fragments of terraces in the Obion River drainage and 
determining if tectonism has produced anomalous terrace gradients. Several cores of the 
Quaternary deposits from these terraces have been obtained using a hydraulically powered drill 
rig. Samples from the base of the loess mantle in some cores contained material that is being 
radiocarbon dated. One radiocarbon date indicates that the youngest terrace along the Obion 
River formed about 20,000 yr BP.

The proximity of the terrace surfaces to the modern water table and the presence of 1811- 
12 liquefaction features on the terraces strongly suggests that large pre-1811-12 seismic 
events in the region probably would have produced prehistoric liquefaction features on these 
deposits. However, trenching of one large sandblow on the lowest Obion River terrace has 
revealed no conclusive evidence of prehistoric liquefaction. Future efforts will continue to 
search for pre-1811-12 liquefaction features.

Investigations of the Meers Fault. Southwestern Oklahoma

Jones-Cecil's previous interpretations of magnetic and gravity data have identified 
structural features in the Paleozoic rocks that bear on the seismic potential of the Meers fault. 
In particular, a distinct left step in the trace of the fault and the presence of several splays at 
the stepover (located approximately 8 km northwest of the end of the Holocene scarp) probably 
mark the location of a barrier to rupture propagation along the reactivated segment of the fault. 
Furthermore, modeling of both ground-magnetic and aeromagnetic data show a probable near- 
vertical dip on the fault down to at least 1-km depth, in contrast to the moderate southward dip 
inferred by other workers in previously published studies. Jones-Cecil's original models, 
however, assumed only induced magnetization of the source rocks, but access to the Oklahoma 
Geological Survey drill core gave us the opportunity to directly measure magnetic properties of 
source rocks in the fault zone and ultimately refine the models. Koenigsberger ratios on 34 
paleomagnetic samples from the drill core are generally less than 0.5, indicating that, as a first 
approximation, the assumption of induced magnetization is appropriate. Inclinations from the 
core, measured both before and after alternating-field demagnetization, are shallow and indicate 
that the magnetization was probably acquired during either Cambrian or Carboniferous 
tectonism. Incorporating the measured magnetization and inclinations of the unoriented core and
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a range of probable Early and Late Paleozoic declinations will further refine the magnetic 
models and place better limits on the attitude of the fault.

In addition to its value in magnetic modelling, petrologic and structural data from the cores 
provide insight into the characteristics of the Meers fault zone. A dike-like body has been 
interpreted to be present directly south of the fault and extend along almost half of the 
Quaternary scarp on the basos of a prominent, narrow magnetic anomaly (Purucker, 1986). 
Southward, away from the Meers fault scarp, core samples have a high magnetic susceptibility 
that is at the appropriate depth and location to be the probable source body of the magnetic 
anomaly. D.S. Collins' petrologic studies of core samples has revealed that the dike-like body of 
igneous rock is probably composed of extensively sheared and altered meta-gabbro, meta- 
andesite, diorite, and an unknown rock-type of probable intermediate composition. The amount 
of alteration and fracturing in the core samples progressively increases in the holes south of the 
fault scarp, which suggests the presence of significant fault south of the Meers fault. This 
observation is consistent with the results of a recent ground-magnetic profile between the 
core-hole locations, which suggests the presence of a parallel fault that may be close to the 
southernmost core hole (about 75 m south of the scarp). The core from the southernmost hole 
is very intensely altered, sheared, and has a high clay content. Significant amounts of kaolinite 
and montmorillonite are present in the entire fault zone but seem to be present in greater 
quantities near this probable parallel fault. If similar quantities of these clay minerals are 
present along the fault zone at seismogenic depths, then they might make the fault zone 
relatively weak and thus may explain why a specific section of the Meers fault was selectively 
reactivated in the late Holocene.

Related Investigations

Preliminary results of Crone and Machette's Gilbert Fellowship research on the Marryat 
Creek and Tennant Creek scarp in Central Australia (Crone and others, 1991; Machette and 
others, 1991) show that these historic intraplate earthquakes reactivated ancient faults. 
However, there was no clear evidence of fault-scarp derived colluvium in the Quaternary 
deposits in any of the six trenches, and there is no compelling geomorphic evidence of 
prehistoric fault scarps at any of the sites. The oldest age estimate that John Prescott 
(University of Adelaide) has obtained on the eolian sand at Tennant Creek is 61 ±5 ka. These 
relations indicate that the historical earthquakes were associated with faults that had ruptured 
in the past, but that the recurrence interval for surface-rupturing earthquakes on these faults 
is probably measured in time increments of tens of thousands of years and possibly hundreds of 
thousands of year or more (millions of years?). These investigations of historical intraplate 
faulting and our brief observations of a trench across the 1968 Meckering (Western Australia) 
fault scarp suggest that Australian intraplate faults have very long repeat times; with this in 
mind, the concept of recurrence intervals may not be appropriate for earthquakes that occur in 
the 'stable' interiors of continents. Perhaps hazard assessments in Australia and other 
continental interiors should be based on models in which moderate- to large-magnitude 
earthquakes can occur at any time on faults that are suitably oriented in the contemporary 
stress field, rather than only on faults that have demonstrable Quaternary movement.
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1. Regional Seismic Monitoring in Western Washington 
14-08-0001-A0622 R.S. Crosson, P.I.

and
2. Seismic Monitoring of Volcanic and Subduction Processes in Washington and Oregon 

14-08-0001-A0623 S.D. Malone and A.I. Qamar, P.I.s

R.S. Crosson, S.D. Malone, A.I. Qamar and R.S. Ludwin
Geophysics Program

University of Washington
Seattle, WA 98195

(206) 543-8020 
April 1, 1991 - Sept. 30, 1991

Investigations
Operation of the Washington Regional Seismograph Network (WRSN) and prelim­ 

inary analysis of earthquakes in Washington and Northern Oregon continue under these 
contracts. Quarterly bulletins which provide operational details and descriptions of seismic 
activity in Washington and Northern Oregon are available from 1984 through the third 
quarter of 1991. Final published catalogs are available from 1970, when the network 
began operation, though 1986.

The University of Washington operates 81 stations west of 120°W under these agree­ 
ments, 28 are supported under A0622, 51 under A0623, and 2 are operated jointly. This 
report includes a brief summary of significant seismic activity. Additional details are 
included in our Quarterly bulletins.

Network Operations
In August and September 1991, under JOA 14-08-0001-A0623 4 new stations in Ore­ 

gon (SSO, FBO, WMO, and RNO) were added to the network. Station GRO in Oregon 
was resited and renamed TKO. APW, funded under A0622, was removed in March due 
to blasting at a nearby quarry and will be resited. Locations of recent significant earth­ 
quakes located by the WRSN can be obtained over the ethernet using the utility "finger 
quake@geophys.washington.edu".

Seismicity
Figure 1 shows earthquakes (Mc > 2.0) located in Washington and Oregon during 

this reporting period. Excluding blasts, probable blasts, and earthquakes outside the U. 
W. network, a total of 794 earthquakes west of 120.5°W were located between April 1 and 
Sept 30, 1991. Of these, 279 were located near Mount St. Helens, which has not erupted 
since October of 1986. East of 120.5°W, 121 earthquakes were located.

During this reporting period there were 6 earthquakes reported as felt west of the 
Cascades, and 1 reported as felt to the east of the Cascades. No damage was reported. 
The largest earthquake within the area shown in Fig. 1 was a M c 3.9 earthquake which 
occurred on April 15 (UTC) at a shallow depth (< 5 km) in the north Cascades approxi­ 
mately 35 km NE of Chelan and was felt in Chelan and Douglas Counties. An earth­ 
quake sequence in the Portland area between July 17 and August 3 included two felt 
earthquakes and 18 others larger than magnitude 1., most at depths between 10 and 20 
km. Both felt earthquakes occurred on July 22 with Mc 3.5 and 2.2 at 09:04 and 09:11 
UTC respectively.
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Figure 1. Map view of Washington and Oregon showing locations 
that occurred between April 1 and September 30, 
30 km are shown as circles, while deeper events 
triangles represent Cascade volcanos, and seismic 
are indicated by "x".

of earthquakes (Mc > 2.0) 
1991. Earthquakes shallower than 
,ire indicated by squares. Shaded 
stations operated by the WRSN
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Introduction

The Transverse Ranges of southern California are undergoing active 
north-south shortening as documented by late Miocene and Quaternary age folds, 
thrust faults, and reverse faults, geodetically measured north-south convergence 
and numerous compressive earthquake events with north-south directed P-axes. 
We have proposed that the compression has resulted in an actively developing fold 
and thrust belt in which the high level thrusts root into a mid-crustal detachment 
at 12-15 km. These interpretations are based on the integration of surface, 
subsurface, seismic reflection and earthquake data into retrodeformable cross 
sections that can be used to determine slip rates and seismic potential of thrust 
faults. We also suggest that zones of high seismicity and moderate to large 
compressive earthquakes of the Transverse Ranges occur in the ramp areas of the 
major thrusts (1930 Santa Monica earthquake, M=5.5; 1952 Kern County 
earthquake, M=7.7; 1971 San Fernando earthquake, M=6.6; 1972 Point Mugu 
earthquake, M=6.0; 1978 Santa Barbara earthquake, M=5.0; 1979 Malibu 
earthquake, M=5.0; 1987 Whittier Narrows earthquake, M=5.9). An important 
element of these interpretations is that many of the thrusts do not reach the 
surface (blind thrusts) but terminate in folds or reach the surface by complicated 
trajectories.

These destructive earthquakes underscore the need for detection and study of 
the geometry, slip rates and seismic potential of thrust faults. The most useful 
approach in assessing the seismic potential of active thrusts involves the 
integration of geological and geophysical surface and subsurface data into 
balanced cross sections and subsurface maps on key stratigraphic horizons. Our 
recent work has identified large blind thrust faults that underlie the northern 
margin of metropolitan Los Angeles that are responsible for the recent uplift of 
the Santa Monica Mountains. This fault trend poses one of the most serious 
earthquake hazards in the United States because it passes directly under a 
densely populated area, the fault (s) have high slip rates, and tentative recurrence 
and segmentation analysis suggests the faults may generate future earthquakes 
larger than the magnitude 5.9 Whittier Narrows earthquake.

In past studies we have constructed three regional cross sections across the 
northern margin of the Los Angeles basin. These three regional cross sections 
show changes in thrust geometry, structural spyle and slip rate estimates for the 
trend that must be resolved and understood td accurately assess the seismic 
potential of active thrusting.
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Research Objectives

The objective of this study is to resolve the three dimensional structural 
geometry of the fault zone and determine the fault slip history so that the seismic 
potential of active thrust faults along the northern margin of the Los Angeles 
basin can be more fully evaluated. To accomplish these objectives the structural 
style and growth history of the deformation must be determined. The main 
approach is to construct: 1) a series of balanced cross sections across the northern 
margin of the basin and 2) a set of subsurface maps of the basin's northern 
margin on critical late Cenozoic-age stratigraphic horizons. These products, 
when integrated with our existing analyses and existing Quaternary surface 
studies, will provide a detailed picture of the three-dimensional geometry and 
growth history of the faults responsible for the active uplift and deformation of the 
Los Angeles basin's northern margin. This type of three-dimensional analysis is 
the most effective way to minimize the uncertainties of structural interpretation 
when applying the balanced cross section approach to earthquake hazards.

Research Status

Our research status is in the compilation phase. Two new cross sections 
are currently being constructed. One of the new cross sections traverses the 
Montebello Hills and central Los Angeles Basin and the second new cross section 
traverses the Puente Hills and eastern portion of the Los Angeles Basin. For 
these two cross sections we are constructing topographic profiles, integrating 
surface geology, interpreting and correlating subsurface lithologic, structural 
and paleontologic data from oil and gas wells. We have also begun posting 
subsurface data on key stratigraphic horizons for constructing the regional 
structure contour maps.

Reports Published

Namson, Jay and Davis, Thorn L., 1991, Structural styles across a transpressive 
plate boundary examples from central and southern California: Geological 
Society of America (abst), v. 23, n. 5, p. 256.
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Investigations

1. Describe the seismicity before and after the M 8.7, 1957 Aleutian arc 
earthquake to better understand the earthquake cycle in subduction zones. 
This major undertaking also will answer numerous questions concerning the 
size and probable rupture characteristics of this important earthquake 
(William Spence with T. Boyd and E. R. Engdahl).

2. Interpret the seismicity before and after the M 7.8, 1974 Peru earth­ 
quake to clarify the nature of subduction at this complex convergence zone 
(William Spence with C. J. Langer).

3. Prepare report on public response to Iben Browning's prediction of 
an earthquake to occur in the region of New Madrid, Missouri on about 
4 December 1990 (William Spence with R. B. Herrmann, A. C. Johnston, and 
G. Reagor).

4. Determine the tectonic consequences of a stalled Farallon plate that is 
heated by the underlying asthenosphere, as an explanation for the regional 
tectonic origins of modern western North America (William Spence).

5. Relocate epicenters, recompute magnitudes, and evaluate the tectonic 
implications of teleseismically recorded earthquakes from Yellowstone Park, 
Wyoming, and adjacent Montana and Idaho, including shocks associated with 
the Hebgen Lake earthquake (Mg 7.5) of August 1959 (J. W. Dewey).

6. Numerically model temperature distributions within a subducting plate 
with the objective of calculating the extent of phase changes, plate 
rheology, and, ultimately, the magnitude of slab pull force. Numerically 
model the dynamics of delivery of the slab pull force into shallow subduc­ 
tion zones with the objectives of improved understanding of how the slab 
pull force contributes to causing both major isubduction earthquakes and 
other dynamic processes at subduction zones (iSteve Mueller with W. Spence).
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Results

1. Magnitudes and relocations have been determined for nearly 7000 earth­ 
quakes in the region of the great 1957 Aleutian arc earthquake for the 
period 1950-present. The catalog for the 1957 aftershocks is complete above 
magnitude 5.5.

2. Most aftershocks of the 1974 Peru earthquake have been relocated to 
verify focal depths and space-time development of the aftershock series, as 
earlier done with another velocity model and another location algorithm. 
This aftershock data set remains one of the most detailed and precise for 
any great subduction earthquake and thus is of particular significance in 
interpretation of the earthquake cycle in subduction zones. Composite focal 
mechanisms indicate thrust faulting for aftershocks downdip of the main 
shock's rupture at the plate interface section analogous to that which 
spawned the great 1940 Peru earthquake. Additionally, one concentration of 
aftershocks shows that the Nazca plate underwent localized internal 
deformation.

3. Photos and newspaper clippings have been assembled into a source docu­ 
ment for researchers on the sociological impact of this failed earthquake 
prediction. These materials and an accompanying report have been submitted 
for publication as a USGS Circular.

4. Spence's model postulates that a large subhorizontal segment of the 
subducting Farallon plate stalled beneath western North America at the end 
of the Laramide orogeny (50-45 Ma). Subsequently, the plate has translated 
southwestward with the North American plate, the former being continually 
heated by the underlying asthenosphere. The low velocity zone that under­ 
lies much of the western United States is the partially melted relict 
Farallon plate, whereas the asthenosphere is beneath this low-velocity zone 
for P waves. Spence proposes that the thermal evolution of the stalled 
Farallon plate has determined the tectonic evolution of the post-Laramide, 
overriding continental lithosphere.

5. Short-period magnitudes (m^ ) have been computed for 225 shocks of the 
Yellowstone/Hebgen Lake region Based on amplitudes of the Lg phase measured 
on microfilmed seismograms. The m^g magnitudes are calculated using source- 
station attenuation parameters that account for regional variations in Lg 
attenuation. These parameters are held constant for all Yellowstone/Hebgen 
Lake earthquakes recorded at a single station, but the parameters are, in 
general, different for different stations. The attenuation parameters are 
based on, but modified slightly from, attenuation parameters implied by a 
map of crustal Q published by Singh and Herriaann (1983, Journal of Geophysi­ 
cal Research, v. 88, p. 527-538). With a single attenuation parameter at 
all stations, iHr computed at individual stations would be highly dependent 
on epicentral distance and azimuth, and the average m., for each earthquake 
would depend on the stations that provided Lg amplitude data for the earth­ 
quake. The use of station-dependent attenuation parameters substantially 
reduces the scatter of individual station m^ about the mean mL , and it 
allows valid comparison of earthquakes recorded by different sets of
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stations. The computed m, agree well with m, magnitudes determined for
Yellowstone/Hebgen Lake shocks using only P-wave amplitudes recorded at
epicentral distances of more than 15°.

Considering the magnitude (m^ ) versus frequency distribution of the tele- 
seismically recorded shocks as well as the extent to which the earthquakes 
were recorded at teleseismic distances, it appears that the catalog of 
shocks is essentially complete for m^g >_b.6 since the mid-fifties. The 
earliest teleseismically recorded event from the Yellowstone/Hebgen Lake 
region occurred in 1947.

Previous catalogs of shocks for the region for 1947-1989 are extremely 
heterogeneous, reflecting changes that have occurred through the decades 
in magnitude computing practice. Considering earthquakes from 1947-1962 
for which magnitudes were computed in the present study, less than 25 
percent have magnitudes assigned to them in the hypocenter data files of 
the National Earthquake Information Center (NEIC). For 1962-1977, the 
number of events with previously computed magnitudes rises to 80 percent 
of the total, but most of the previous magnitudes are m, magnitudes that 
were calculated by applying formulas of Gutenberg and Richter (e.g., 
C. F. Richter, Elementary Seismology, p. 688) to amplitudes obtained at 
epicentral distances of less than 15°. It is now recognized that Gutenberg 
and Richter's formulas are unsatisfactory for computing m, at small 
epicentral distances in many areas; in the Yellowstone/Hebgen Lake region, 
m, computed with data from distances less tha)i 15° are systematically high 
with respect to m^ computed with data from distances greater than 15°. 
After 1977, m, for Yellowstone/Hebgen Lake shbcks have generally been 
computed using only amplitudes recorded at A > 15°, and most shocks have 
had a type of M-^ computed for them.

The existence of magnitudes computed with a common procedure should allow 
study of the evolution of Yellowstone/Hebgen Lake seismicity since 1947 with 
a confidence that has not previously been warranted. The revised magnitudes 
imply that since 1964 the frequency of shocks having short-period magnitudes 
of 4.6 and greater is lower by a factor of 10 than implied by previously 
catalogued m, magnitudes. Since 1964, the frequency of shocks having m, of 
3.8 and greater is lower by a factor of three than implied by previously 
catalogued m, .

6. An existing computer program for calculating mantle convection has been 
adapted for numerical calculations of the thermal evolution of subducted 
lithosphere. Early results show the temperature distributions within sub­ 
ducting plates of arbitrary descent velocities to match those determined by 
Dan McKenzie, who used more limited analytic methods. These results are 
being input into a program coded by Mueller and R. Phillips to calculate 
deformations within a plate of elastic-plastic rheology.

Reports

Bowman, J. R., and Dewey, J. W., 1991, Relocation 
recorded earthquakes near Tennant Creek,

of teleseismically 
Australia Implications
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Investigations
1. Analysis of preshocks and aftershocks of the 1989 Loma Prieta earthquake.
2. Nucleation and growth of the 1989 Loma Prieta earthquake.
3. Seismotectonics of the San Andreas fault system in northern California.
4. Earthquake monitoring along the Hayward fault. 

Results
1. Continuing analysis of the locations and focal mechanisms of the Loma Prieta earthquake 

and regional activity underscores our earlier conclusions about the absence of activity 
along the rupture zone in the decades prior to the earthquake (Figure 1). Comparisons 
between the prior activity associated with the San Andreas fault and Loma Prieta aft­ 
ershocks show that the Loma Prieta event forms a distinct plane along most of its length. 
At the southeastern end of the sequence, however, it merges smoothly with the San 
Andreas, near the prominent cluster of deep activity at km 47 in Figure 1. This suggests 
that the Loma Prieta fault plane branches continuously from the San Andreas at this 
position.

New results for the aftershocks, obtained from the first 10!/2 months of the sequence 
reveal surprisingly little activity in the vicinity of the main shock. This is somewhat 
surprising, give results from modelling of mainshock seismograms which indicate little 
slip in this region. If this were a region of low slip, then numerous aftershocks could be 
expected, by analogy with other well-studied earthquakes such as the 1984 Morgan Hill, 
California, earthquake. Results described below, however, raise questions about the 
interpretation of small slip, and suggest substantial displacements in the hypocentral 
region during the 1.6 s interval between the initiation of faulting (in a foreshock) and the 
high-frequency main shock origin time.

2. High frequency seismograms of the 1989 Loma Prieta, California earthquake (Mw 6.9) 
indicate that it initiated with a foreshock 1.6 s before the main shock. P and S phase 
arrivals for both events are seen on the 1 Hz USGiS Calnet stations, on the U.C. Berkeley 
broad band stations, and on strong motion accelerographs operated by U.C. Santa Cruz 
and CDMG. A magnitude of 5.0 is estimated for the foreshock from the peak amplitude 
of the S wave velocity as measured on 26 strong motion instruments, and by comparison
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of P wave amplitudes with the 1989 Lake Elsman, Calif., earthquake (Figure 2). A JHD 
solution for the foreshock and mainshock hypocenters places the mainshock about 1-1 Vi 
km above the foreshock. This result, however, depends critically upon the proper 
identification of phases, and consequently mainshock nucleation at the foreshock hypo- 
center cannot be rejected.
Broad band displacement seismograms recovered from five digital accelerographs with 
pre-event memory, all located in the near field of the earthquake, tell a different story. 
They show that the earthquake began very smoothly starting from the time of the 
foreshock (Figure 3). The initial portions of the displacement seismograms can be fit by 
simple synthetic seismograms from a point source with the same moment rate function as 
a uniformly expanding circular crack. The integrated moment accumulated in the first 
1.6 s of the rupture, or by the time of the high frequency mainshock origin time, is 
equivalent to a Mw 5.7 earthquake. These results emphasize the importance of broad 
band recordings in the near field of earthquakes for the interpretation of source dynamics.

3. The northernmost and relatively youthful segment of the San Andreas fault system 
between Point Arena and Cape Mendocino forms a - 100 km wide zone of northwest 
trending strike-slip faults centered on the Maacama fault and bounded by the San 
Andreas fault to the west and the Bartlett Springs fault to the east. The San Andreas 
fault north of Point Arena has been virtually aseismic in recent decades. In contrast, 
dense clusters of microearthquakes locate along the Maacama fault, and to a lesser 
extent, along the Bartlett Springs fault. Seismicity at the northern ends of these faults 
zones terminates above the southern edge of the subducted Gorda Plate. Seismic strain 
release along both of these faults is dominated by right-lateral shearing along fault planes 
that dip 60°-80° to the northeast, rather than along vertical faults which is the norm 
along more mature faults within the San Andreas fault system. This suggests that these 
youthful faults reactivate structures formed within the forearc region of the Cascadian 
subduction zone, specifically the Garberville and Lake Mountain fault zones located to 
the north. Although the Maacama and Bartlett Springs faults lie within the broad heat 
flow anomaly presumably due to the presence of the asthenospheric "window" beneath 
them, the placement of these seismically faults appears to be principally controlled by 
inherited structural fabric as opposed to thermal weakening of the lower crust and upper 
mantle.

4. As part of the Bay Area Future Earthquakes Project, a new all-digital seismic network is 
being installed along the Hayward fault in the eastern San Francisco Bay region. This 
work is being done in cooperation with Malcolm Johnston and Paul Spudich (U.S.G.S.), 
and Tom McEvilly and Barbara Romanowicz (U.C. Berkeley). The network will consist 
of high frequency seismometers installed in boreholes and force-balance accelerometers 
installed at the surface. Three components of ground motion will be transmitted in real 
time from both sets of sensors to central recording sites in Menlo Park and Berkeley. 
The network is designed to provide routine detection and recording of all earthquakes 
above about M 0.5 along the fault, and to record all events on-scale through the largest 
anticipated ground motions, a M 7 event on the Hayward fault. The network will be 
used to prototype algorithms for a seismic early warning system with a design response 
time of 2-3 seconds after the intital P-wave arrival. It will also be used to study the
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charactersitics of the earthquake source at frequencies up to 100 Hz.
Installation of the first four borehole sensors in core holes at borehole strainmeter sites 
along the southern Hayward fault is now complete. Digital field acquisition hardware 
and central site recording hardware has been ordered, with delivery expected in the 
spring of 1992.

Reports
Castillo, D.A., and Ellsworth, W.L., 1991, The seismotectonics of the San Andreas fault sys­ 

tem north of Point Arena anong the Coast Ranges of Northern California (abs.): Seismo- 
logical Research Letters, v. 62, p. 11.

Ellsworth, W.L., and Dietz, L.D., 1990, Crustal stress and seismic strain release in the 1989 
Loma Prieta, California earthquake: Proceedings of Seventh Joint Meeting the U.J.N.R. 
Panel on Earthquake Prediction Technology, Tsukuba Japan: Geographical Survey Insti­ 
tute, Ministry of Construction, p. 67-82.

Ellsworth, W.L., 1991, Practicing earthquake prediction: translating Earth science research
into action: International Seminar on Earthquake Prediction and Hazard Mitigation
Technology: Science and Technology Agency, Japan, p. 43-62.

Ellsworth, W.L., 1991, Nucleation and growth of the Loma Prieta earthquake (abs): EOS, 
Transactions, American Geophysical Union, v. 72. ,no. 44, p. 293.
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Figure 1. Cross sections of seismicity along the 1989 Loma Prieta, California, earth­ 
quake aftershock zone. Hypocenters restricted to the narrow dipping zone defined by 
early aftershock activity. Symbol size is equal to source dimension for a 30 bar stress 
drop. Top figure displays all events from January 1, 1969 until the main shock. Bottom 
figure displays main shock (large symbol at bottom center) and aftershocks through 
August 31, 1990.
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I nve s t i gat i ons

1. Travel-Time Tables. Develop new standard global travel-time tables to 
locate earthquakes.

2. Arrival-Time Data. Coordinate planning for an International Seismo-
logical Observing Period (ISOP) a time interval during which there would be
enhanced reporting of arrival-time data.

3- Earthquake Location in Island Arcs. Develop practical methods to accur­ 
ately locate earthquakes in island arcs.

4. Subduction Zone Structure. Develop techniques to invert seismic travel 
times simultaneously for earthquake locations and subduction zone structure.

Results

1. Travel-Time Tables. Over the last three years, a major international 
effort within IASPEI has led to the construction of a new set of global 
travel-time tables for earthquake location and phase identification (Kennett 
and Engdahl, 1991). The new tables are derived from a radially stratified 
model iasp91 which has been constructed so that the times for the major 
seismic phases are consistent with the times for events in the ISC catalog 
for the period 1964-1987. The baseline for the P-wave travel times in the 
iasp91 model has been adjusted to provide only a small bias in estimated 
origin time for well-constrained events at the main nuclear testing sites 
around the world. The primary form of representation of the new tables is a 
set of computational algorithms, but for convenient reference, a book of 
tables (the IASPEI 1991 Seismological Tables) has also been produced. The 
style of the iasp91 velocity model has been chosen to facilitate the 
development of travel time calculation and location schemes that allow for 
regional variations in the outer parts of the Earth.

2. Arrival-Time Datju The International Seismological Observing Period 
(ISOP) is gaining recognition as a uniting force within the Seismological 
community. This is the overall impression after the recent ISOP workshop at 
the IUGG General Assembly in Vienna. This impression was well conveyed in 
an inspired closing address by T. H. Jordan (who proposed the project in
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1986). The meeting had, in fact, several functions: (1) This was the 
proper place to report on the current status and future plans of ISOP. The 
progress report of the Chairman E. R. Engdahl highlighted the establishment 
of the ISOP office in Golden, Colorado, and the employment of a full-time 
coordinator (E. A. Bergman). Since careful planning is essential for 
success of the project, a definite timetable for the actual Observing Period 
is not yet available; certainly this period would not start before 1993 at 
the earliest. (2) Several ISOP-related initiatives have resulted in 
products such as the new IASP91 velocity model and travel-time tables 
(edited by B.L.N. Kennett), a competing radial velocity model (A. Morelli 
and A. Dziewonski), information plots for stallions reporting to the ISC 
(L. Hwang and R. Clayton), and a seismic analysis software package 
(A. Plesinger et al.). (3) Research reports felevant to ISOP include the 
analysis of ISC data (E. R. Engdahl et al., and R. Adams and V. Marza), the 
processing of global long-period digital data (P. Shearer), and the analysis 
of later-phase parameters (D. Doornbos and T. Rekdal).

3. Earthquake Location in Island Arcs. Within a 30-year period, portions 
of the Aleutian arc have ruptured twice in great earthquakes. The first, in 
March 1957 (M =8.5), ruptured no less than 900 km of the arc. The second, 
in May 1986 (M =8.0), nucleated close to the epicenter of the 1957 event and 
reruptured a 250-km long portion of the arc. We have relocated and 
cataloged seismicity recorded from 1957 through 1989 (March) that is located 
between 175°E and 160°W. This catalog contains observations for the only 
complete seismic cycle bounded by two instrumentally recorded great 
earthquakes along the Alaska-Aleutian arc.

Our relocations include epicenter-dependent, P-wave station corrections that 
account for near source velocity structure, these corrections are calcu­ 
lated for 686 stations using a slab geometry 4etaile<i in a recent travel- 
time study and the iasp91 travel-time model. Unless other information is 
available, source depths are constrained to 33 kilometers. For deeper 
events occurring within the Wadati-Benioff zorte, station corrections are not 
used and depths are allowed to change. Travel-time observations for events 
occurring between 1957 through 1963 are obtained from the bulletins of the 
ISS and the BCIS. For this time period, these catalogs provide magnitudes 
for only a small percentage of the events. We calculated magnitudes for as 
many of the events as possible using amplitudes recorded at Pasadena. For 
events occurring from 1964 through 1989, travel times and magnitudes are 
obtained from the ISC phase tapes.

The completed catalog consists of approximately 7300 events. Of these, 
approximately 5000 have 90-percent error vectors of less than 25 km. The 
homogeneous magnitude cutoff of the catalog appears to be about 5.5. Our 
relocations are compared with previously published relocation efforts, and 
the limitations of the data set imposed by the quantity and quality of the 
observations are determined.

4. Subduction Zone Structure. In tomographic studies, the signal in
residual data reported by agencies such asn the ISC is usually assumed to be 
largely the result of 3-D structure. However, a substantial part of the 
data scatter can be explained by inaccuracies in the reported earthquake
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locations and by incorrect assumptions about the 1-D variation of P-wave 
velocity with depth. P and later arriving phases were used with the iasp91 
travel times to relocate ISC hypocenters and reassociate phases prior to 
inversion for 3-D Earth structure. Upon relocation, structurally related 
signal that had been absorbed in the inaccurate ISC earthquake locations was 
recovered in the new travel-time delays. Subsequent tomographic inversion 
revealed that the addition of this previously missing information resulted 
in significantly better resolution of velocity anomalies. Tomographic 
inversions for mantle structure beneath northwestern Pacific island arcs 
using this approach provides new information about the morphology of sub- 
duction zones in this region (Van der Hilst et al., 1991). In particular, 
the tomographic images show that slabs beneath the Japan and Izu Bonin 
island arcs are deflected at the boundary between the upper and lower 
mantle, whereas those beneath the northern Kuril and Mariana arcs sink into 
the lower mantle.

Reports

Hwang, L. J., and Clayton, R. W., 1991, A station catalog of ISC arrivals 
Seismic station histories and station residuals: U.S. Geological Survey
Open-File Report 91-295, 3187 p. 

Kennett, B.L.N., and Engdahl, 1991, E. R. Travel times for global earthquake
location and phase identification: Geophysical Journal International,
v. 105, p. 429-465. 

Van der Hilst, R. D., and Engdahl, E. R., 1991, On the use of PP and pP
data in delay time tomography: Geophysical Journal International,
v. 106, p. 169-188. 

Van der Hilst, R. D., Engdahl, E. R., Spakman, W., and Nolet, G., 1991,
Toraographic imaging of subducted lithosphere below northwest Pacific
island arcs: Nature, v. 353, p. 37-42.
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SEISMOTECTONIC RESEARCH STUDIES

9950-04556

A.F. Espinosa, H.R. SchmoU, LA. Yehle 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225-0046
(303) 236-1597

Investigations

1. Post-earthquake investigations were undertaken after the damaging Limon, Costa Rica Earthquake 
of April 22, 1991, with an Ms = 7.5. Follow-up field investigations have been conducted in the eastern part of 
Costa Rica and in the northwestern part of Panama^ The post-earthquake field work consisted of video-capturing 
the intensive damage sustained by the environment and by man-made structures in the meizoseismal region. 
Direct field observations were made on three occasions in Costa Rica and Panama^ The intensity-damage 
assessment and geologic field studies were partially funded by AID/OFDA, the Organization of American States, 
and the governments of Costa Rica and Panama^ The Lim6n earthquake is a very significant event since it is 
an intraplate earthquake located on the Caribbean plate.

2. The analysis of earthquake seismicity and focal mechanism solutions have been compiled for Alaska 
and the Aleutian Island region, for events recorded in the region from 1960 through 1991. The data base is 
being used to determine M0 vs magnitude (MD m^ Ms) relationships for events with different source 
characteristics (thrust, normal, and strike-slip) and for different depth distribution. These relationships will be 
used to determine the scalar seismic moment for all earthquakes recorded in the region. This program has been 
initiated after editing a very large data-base for the region. The maximum horizontal stress components for all 
the significant earthquakes in the region are being determined and mapped in a three-dimensional spatial 
representation in order to ascertain the spatial characterization of the earthquake potential in said area.

3. Field investigations in the Anchorage A-8 SE quadrangle, Alaska, resulted in numerous improvements 
to the mapping of that area. Much suburban development has occurred in the past 10 to 15 years since the are 
was last under detailed investigation, and this has given access to areas not previously visited. Many new 
roadcuts and excavations have provided new insights into the nature of materials in the area and provided 
support for or limitations on interpretations of the geology that are currently undergoing revision as a result of 
the upgrading of the previous mapping.

Results

1. Results (preliminary) from the intensity (MMI) distribution post-earthquake study in Costa Rica and 
Panam£ shows a very substantial number of observations on the existing inconsistencies in the Modified Mercalli 
Intensity scale, and they are very similar in nature to the earlier documented problems after the Peruvian, 
Guatemalan, Nicaraguan, Ecuadorian, and Algerian earthquakes.

2. A seismicity and tectonic stress distribution on the Eurasia-Africa plate boundary has been completed 
and is in the process of being released for publication.
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3. Work in completing geologic mapping of the Anchorage lowland metropolitan area has been 
underway for several years, bringing up to date mapping that started following the 1964 Alaska earthquake. The 
ultimate aim is to publish completed maps of the entire area in the I- or GQ- map series at a scale of 1:25,000 
on the present topographic base maps. These topographic maps are currently being upgraded by National 
Mapping Division, and the revised maps should be used for the final publications. Of the 12 geologic quadrangle 
maps that cover the area, 6 have now been published as surficial geologic or geologic (in areas lacking bedrock) 
maps in the open-file series; these are the Anchorage B-7 NE, NW, SE, and SW and the Anchorage B-8 SE and 
SW quadrangles. The latter is the most recently published of these, and involved new mapping in areas on the 
west side of Knik Arm not previously mapped. Evidence for a later estuarine incursion of the area than that 
represented by the Bootlegger Cove Formation, resulting from either isostatic or tectonic processes, was 
developed as a result of that mapping, resolving stratigraphic problems that previously had remained enigmatic. 
Work on the next map in the series, of the Anchorage A-8 SE quadrangle, is nearly complete, and work on the 
following map, of the Anchorage A8-NE quadrangle, is under way. In these areas, new more detailed mapping 
has lead to the establishment of two additional morainal systems that were not previously recognized, resulting 
in more refined categorizations of geologic materials, particularly in the Hillside area, an important suburban 
residential area.

4. Work has been completed on two reports resulting from investigations of intertidal deposits 
(interbedded silt and peat) in both Alaska and Chile. These deposits have been recognized as having the 
potential for providing dates on and recurrence intervals for previous great earthquakes in those areas. The work 
in Chile did not reveal conclusive evidence for such events. The Alaska work indicated that many such events 
might have taken place, but unequivocal evidence that the burial of peat deposits by intertidal silt was earthquake 
related in all cases, and as well as the precise dating of such events, has proved elusive. Nevertheless, recurrence 
intervals on the order of 400-800 years can be suggested as possible.

5. Geologic mapping previously undertaken in areas of potential coal-mining development on the west 
side of Cook Inlet has been prepared for open-file release, following requests for this information because of 
renewed interest in opening of coal mines in that area. The report is presently undergoing revision following 
technical review. Revision of a surficial geologic map of the Eklutna valley area, Municipality of Anchorage, has 
been completed following technical review; the map is to be included in a Water Resources Division report 
currently in preparation.

Reports

Bartsch-Winkler, Susan, and Schmoll, H.R., (in press), Evidence for Late Holocene relative sea level fall from 
reconnaissance studies in an area of earthquake-subsided intertidal deposits, Isla Chilo6, Chile: 
International Association of Sedimentologists Special Publication "Sedimentation and Tectonics," R. Steel 
and others, editors.

Bartsch-Winkler, Susan, and Schmoll, H.R., (in press), Utility of radiocarbon-dated stratigraphy in determining 
Late Holocene earthquake recurrence intervals, upper Cook Inlet region, Alaska: Geological Society of 
America Bulletin.

Espinosa, A.F., and Rukstales, K.S., 1991, Geometry, Mode of Subduction and Stress distribution of the Wadati- 
Benioff Zone beneath western South America, (poster), International Union of Geodesy and 
Geophysics, International Association of Seismology and Physics of the Earth's Interior, Vienna, Austria.

Espinosa, A.F., and Shedlock K.M., 1991, Stress distribution and seismic deformation in the Alaska and Aleutian 
Islands Wadati-Benioff Zone (abs.): International Union of Geodesy and Geophysics, International 
Association of Seismology and Physics of the Earth's Interior, Vienna, Austria.

Yehle, LA., Schmoll, H.R., and Dobrovolny, Ernest, 1991, Geologic map of the Anchorage B-8 SW quadrangle, 
Alaska: U.S. Geological Survey Open-File Report 91-143, 30 p., scale 1:25,000.
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John R. Evans, David Croker, H. M. lyer
U.S. Geological Survey
Branch of Seismology

345 Middlefield Road, MS-977
Menlo Park, California 94025

415-329-4753

Investigations
This Project is performing two relatively distinct tasks for NEHRP: (1) a teleseismic tomography study of 

the Loma Prieta region, and (2) creating a new teleseismic triggering system for CUSP.
Understanding the lower crust and upper mantle is an element of causality necessary for NEHRP frame­ 

work studies. The plates are driven by deep circulation patterns; the San Andreas is a plate boundary driven at 
mantle depth and modified by processes and structures at all depths. Understanding the detailed structure and 
state of the lower crust and upper mantle are prerequisite to understanding the shallow fraction of the plate 
boundary responsible for earthquake hazards.

Loma Prieta teleseismic tomography largely targets the middle and lower crust of this major seismogenic 
zone, below the resolvable depths for local-earthquake tomography. We aim to clarify the condition and loca­ 
tion of the controlling plate boundary and to delineate the root structure of the imbricate thrust system bounding 
the Santa Clara Valley. This thrust system is now recognized as both a major unresolved structural issue and a 
likely seismogenic zone in its own right.

The second, operational task is applicable to a wide range of studies beyond teleseismic tomography. It 
will result in a routine flow of teleseismic and distant regional evjents to CUSP archives, the IRIS data center, 
and possibly other fora chosen to make these data widely available. CalNet is the largest short-period network 
in the world and will yield a uniquely powerful teleseismic data set for source studies and Earth structure studies 
at many scales. These data are now going largely unrecorded.
Results
1. Teleseismic tomography: We successfully operated a 31*site portable seismograph network through 

December, 1990. This network augmented CalNet in the target region around Loma Prieta, forming 
nested oval shaped networks centered on the seismogenic zone (Figure 1). The larger network was 30x50 
km with 6-km station spacing. Data from this network will be used to image lower crustal and upper 
mantle structure to delineate primary plate structures and the imbricate thrust system, which it encom­ 
passes. The center of this network was further augmented in a 10x30 km region to reach 3-km station 
spacing. This network will be used to unravel the complex intersection of the Sargent and San Andreas 
faults and to determine whether two "San Andreas faults" are present, one dipping and one vertical, as 
inferred from other studies. It is widely believed that some such structures limited fault rupture, but the 
responsible structure is ill defined. Local-earthquake data recorded on these networks also will be used for 
upper-crustal tomography, improving existing P-wave results and providing the first comprehensive 5-wave 
data set.
Three types of seismographs were used in this study, but most of the the data were recorded by the old 
"5-day" recorders. Digitizing and processing these data is very labor intensive and consumed most of our 
efforts in FY91. At this writing, the data are 65% digitized and 19% analysed. Reaching this point con­ 
sumed approximately 1.5 person-years of effort We anticipate completion of digitizing and most analysis 
in FY92. We also hope to produce a preliminary result for the Loma Prieta volumes now in preparation 
by many authors.

2. CUSP Teleseismic Triggering: In FY91 we began the deisign and testing of a PC-based teleseismic 
triggering system to be installed on CUSP in FY92. An IpM PC compatible dedicated computer will 
monitor three or more subnets of CalNet, and run a special), highly optimized teleseismic trigger. This 
system was originally built for the Loma Prieta teleseismic tomography study, and is now being extended 
for this new use. The event log from the PC will be relayed to CUSP computers, which will then save 
teleseismic and distant regional events for the entire network.
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A great deal of progress has been made to date but several major tasks remain. We have designed the 
overall system, in consultation with CUSP and Branch experts; defined necessary PC software and 
hardware changes and obtained the first round of these changes; determined the PC's computational limits 
(3.5 subnets of 16 stations); assisted the creation of a CUSP2AH decimator/translator (used for dissemina­ 
tion and analysis); systematically selected trigger subnets; and had the subnets wired up to the PC's patch 
panel and tested. We are now well into tuning the first subnet, including writing two significant pieces of 
software to support this evaluation.
Remaining tasks are completion of software changes for the PC, tuning the remaining subnets, building the 
necessary CUSP software, and developing a routine processing and archiving scheme to make the data 
widely available without significantly impacting normal CalNet operations. This work is likely to be com­ 
pleted in FY92. A remaining problem of uncertain solution is the discovery of numerous microwave 
telemetry drop cuts, probably caused by atmospheric refraction on links near the Bay Area. These multi­ 
channel pulses easily trigger the exquisitely sensitive PC algorithm and pose a potentially serious editing 
load for CalNet operations. An anticipated beam widening program is likely to help this problem. The 
larger conclusion must be that new things will be discovered with new triggers, and these seem destined to 
improve network maintainability and data quality. Trigger performance, aside from these network prob­ 
lems, has been superlative both sensitive and highly resistant to false alarms. We are likely to reach a 
limiting magnitude of less than 5.0 for teleseismic P.

Reports
No reports were produced in FY91. All resources were applied to processing the largest teleseismic 

tomography data set yet collected by this Project, and to the operational task of designing, testing, and tuning 
the new teleseismic trigger system for CUSP.
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Seismic Network for the Loma Prieta Teleseismic Experiment
1990
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Figure 1: Map of CalNet permanent seismographs (open circles) iind temporary seismographs (solid dots) used 
for both teleseismic tomography and local-earthquake tomography. Temporary stations operated from August 
through December, 1990, mostly in continuous recording modes.
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CUSP On-line Stations and All Wavefronts

Figure 2: Teleseismic wavefronts from all Flinn-Engdahl geographic regions producing recordable teleseismic- 
P events in 1990. Each wavefront is plotted as it impinges the CalNet station closest to the event. Three or 
more subnets near the periphery of CalNet will be monitored by a PC-based teleseismic trigger. The same type 
of PC system is readily applicable to the southern California network and all other NEHRP-funded networks for 
about $10K each.
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On-Line Seismic Processing
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Fred Fischer (for Rex Alien)
Branch of Seismology

U.S. Geological Survey
345 Middlefield Road, MS 077
Menlo Park, California 940^5

(415) 329-4724

Investigations and results (November, 1991)

The INMOS based RTF is still under development. A second 286 PC was purchased for 
backup and overlapping development. The current INMOS RTF system requires 2 PCs. Tests with 
5 linked processors were at first slowed with the retirement of Rex Alien, then halted with the loss 
of a suitable digitizer. Continuation of this project will depend on the acquisition of a Tustin or 
National Instruments class A/D converter.

Gray Jensen and Jim Ellis have nearly completed the C language software to interface a 
time code, a Tustin A/D converter with the INMOS RTF.

The Mk I (TI990) and Mk II (Motorola 6800) RTFs in Menlo Park continue to function 
satisfactorily, with maintenance by Sam Rodriguez and Jim Ellis.
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Analysis of Natural Seismicity at An/a

9910-03982

Joe Fletcher, and Lawrence M. Baker
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road

MenloPark.CA 94025
(415)329-5628,5608

Investigations:

1). Incorporation of broadband sensors into the Anza array.

2). Provide access to the Anza wave form data in nearly realtime over Internet.

Results:
1). Two sensors were considered: the Guralp CMG-4 and Streckeisen STS-2. Both 
have respones to well below the 2 Hz natural frequency of the HS-lOs now in use. 
CMG-4s were used to record aftershocks of the Loma Prieta earthquake at Corralitos, 
a station near the epicenter. Streckeisen STS-2s have been used recently at Pinyon 
Flat Observatory in short- baseline array experiments. Records from these 
instruments demonstrate their increased sensitivity to long periods (120 s for the 
STS-2 and 30s for the Guralp) and they are also low noise. Their response to high 
frequency waves of 40 to 50 Hz was judged to be good enough to be compatible with 
the existing instrumentation. STS-2s have an auto-centering system so that DC 
offsets should not be a problem. Both appear sensitive to temperature 
changes(Vernon, personal communication)

In conjunction with Jon Berger and Frank Vernon at IGPP/UCSD 11 STS-2s were 
purchased for the Anza array. The STS-2s have the widest bandwidth currently 
available expecially at long periods (120 s to 50 Hz) in a package that would not 
require an extensive vault. The auto-centering system is a distinct advantage for 
realizing the most dynamic range from the sensor.

2). A Micro VAX-II computer system is now being used as a front-end file server to 
the VAXStation currently performing the realtime data acquistion. Two dual-ported 
1GB disks are attached between the Micro VAX and the VAXStation and serve as 
temporary data storage and isolate the realtime system from network traffic. With 
the addition of the front-end file system event files, which were written originally to 
tape, are now stored on disk. In addition, an erasable optical disk has been attached 
to the MicroVAX for archiving the data. DECnet/Internet access is now available by 
the MultiNet TCP/IP software package for VMS, which is also installed on the 
VAXStation used for analysis of the data in Menlo Park. It is anticipated that 
waveform data will be routinely telemetered over the Internet to SCEC to be 
incorporated into the routine processing of phase times for Southern California.
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THEODOLITE MEASUREMENTS OF CREEP RATES ON 
SAN FRANCISCO BAY REGION FAULTS

Grant Number 14 - 08 - OOfJl - G1992

Jon S. Galehouse
Department of Geosciences

San Francisco State University
San Francisco, California 94132

(415) 338-1204

We began to measure creep rates on Sa|i Francisco Bay region faults in 
September 1979. Amount of slip is determined by noting changes in angles between 
sets of measurements taken across a fault at different times. This triangulation method 
uses a theodolite to measure the angle formed by three fixed points to the nearest 
tenth of a second of arc. Each day that a measurement set is done, the angle is 
measured 12 times and the average determined. The amount of slip between 
measurements can be calculated trigonometrically using the change in average angle. 
The precision of our measurement method is such that we can detect with confidence 
any movement more than a mm or two between successive measurement days.

We presently have measurement sites at 23 localities on active faults in the San 
Francisco Bay region (see Figure 1). We remeasure most sites about once every two 
to three months. Most sites span a fault width of about 50-275 m. These distances are 
noted on Figures 2 through 8 as the IS (Instrument Station) to ES (End Station) 
distances. These figures also show the average rate of movement at each site as 
determined by the slope of the least-squares line which also appears on each of the 
graphs. The graphs also show the time of the 17 October 1989 Loma Prieta 
earthquake (LPEQ) as a vertical line. The following is a brief fault-by-fault summary of 
our results through 16 November 1991.

SAN ANDREAS FAULT (see Figure 2) - We have been measuring 
horizontal slip on the San Andreas fault at Site 14 at the Point Reyes National 
Seashore Headquarters for 6.7 years and at Site 10 in South San Francisco for 11.5 
years. Both sites have shown virtually no net slip and neither was affected by the 
LPEQ thus far.

In November 1989, we began measuring a USGS site (our Site 22) in 
Woodside that had not been remeasured for many years. Our results compared to 
unpublished USGS measurements in 1977 show that virtually no surface slip occurred 
between 16 February 1977 and 4 November 1989 and virtually none has occurred 
since (through 19 October 1991). We also established in November 1989 Site 23 on 
the San Andreas fault near the southeastern end op the LPEQ aftershock zone and 
northwest of San Juan Bautista. Virtually no slip has occurred at this site (through 12 
October 1991). In July 1990, we established Site 25 on the San Andreas fault just 
southeast of San Juan Bautista and the aftershock zone. This site is on the central 
creeping portion of the fault and has been moving aj a rate of 17.3 mm/yr for the past 
1.2 years (through 12 October 1991).
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Site 18 (not shown on Figure 1) in the Point Arena area has averaged less than 
one mm/yr of right slip in the ten years between 9 January 1981 and 12 January 1991.

In summary, the San Andreas fault at our measurement sites does not appear to 
have been affected by the LPEQ in the two years since October 1989. Northwest of 
the LPEQ aftershock zone, the San Andreas fault is still virtually locked, with less than 
one mm/yr of creep occurring along it.

HAYWARD FAULT (see Figure 3) - We have been measuring horizontal slip 
at five sites along the Hayward fault for 11.2 to 12.1 years and have determined that 
the right-lateral creep rate is about 4.5 to 4.9 mm/yr. Although the creep 
characteristics (steady or episodic) differ from site to site, the overall rates are quite 
similar. None of these five sites on the Hayward fault showed any unusual movement 
either before or after the LPEQ.

Since we began measuring Site 1 in Fremont in September 1979, the fault has 
moved rather episodically. Typical surface movement characteristics are relatively 
rapid right slip of about a cm over a few months time alternating with relatively slower 
slip over a period of two or more years. The fault at Site 1 was in one of the relatively 
slower phases of movement prior to the LPEQ and the slower phase has now 
persisted for about 3.5 years (through 9 November 1991). Over the past 12.1 years, 
the average of the slower and faster phases of right slip is about 4.9 mm/yr.

In February 1990 we established Site 24 on the Hayward fault on Camellia 
Drive in Fremont, about four km southeast of Site 1 (see Figure 1). Although relatively 
rapid creep had been reported for this site in recent years, we have measured virtually 
no creep at all (through 28 September 1991). Perhaps the fault at this site moves 
episodically (similarly to nearby Site 1) and has been in a slower, dormant phase 
since we began measuring it 1.6 years ago.

Movement along the Hayward fault at Site 2 in Union City has been much more 
continuous and much less episodic than movement at Site 1. Site 2 has been moving 
at a fairly uniform rate of about 4.6 mm/yr for the 12.1 years since we began 
measurements in September 1979.

Extremely uniform movement characterizes Site 12 on D Street in Hayward. 
Two active traces of the Hayward fault occur here and their combined movement rate 
has been about 4.7 mm/yr for the 11.2 years since we began measurements in June 
1980. Our nearby Site 13 on Rose Street in Hayward has the same overall average 
rate of movement (4.7 mm/yr) since June 1980, but the movement is much more 
episodic than at Site 12. For the past 5.5 years (through 21 September 1991), the 
Hayward fault at Rose Street has been in a relatively slower phase of movement of 
about 3.6 mm/yr that has not been affected by the LPEQ.

In the 11.2 years since we began measurements in August 1980 in San Pablo 
(Site 17) near the northwesterly end of the Hayward fault, the overall average rate of 
right slip (about 4.5 mm/yr) has been similar to the overall rate at the other Hayward 
fault sites. However, superposed on the overall slip rate in San Pablo are changes 
between some measurement days of up to nearly a cm in either a right-lateral (more 
common) or left-lateral (less common) sense. This pattern was more pronounced 
between mid-1980 to mid-1986 and has been less pronounced since. For the past 3.3 
years (through 13 October 1991), the fault in San Pablo has also been in a relatively 
slower phase of movement of about 2.7 mm/yr that has also not been affected by the 
LPEQ.
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CALAVERAS FAULT (see Figure 4) - We have been measuring horizontal 
slip at two sites on the Calaveras fault in the Hollister area for over twelve years. Slip 
at both sites has been rather episodic with intervals of relatively rapid right slip 
typically lasting a couple months or less alternating with longer periods of time when 
little net slip occurs. The LPEQ occurred during afi interval of slower movement that 
had persisted for about a year at Site 4. The earthquake apparently triggered up to 14 
mm of right slip at Seventh Street (see Figure 4). Qverall the rate of right slip is about 
7.1 mm/yrforthe past 12.1 years (through 16 November 1991).

Slip at Site 6 along Wright Road just 2.3 km northwest of Site 4 is also episodic. 
The LPEQ occurred during an interval of slower movement that had persisted for about 
a year at Wright Road (similar to the situation at Seventh Street). The earthquake 
apparently triggered up to 12 mm of right slip. The overall rate of slip at Wright Road is 
about 11.6 mm/yr for the past 12.1 years (through 16 November 1991). Except for our 
relatively new site (25) on the central creeping portion of the San Andreas fault, this 
rate is the fastest of any of our sites in the San Francisco Bay region. It is about 4.5 
mm/yr faster than the rate at nearby Seventh Street. Either the creep rate decreases 
significantly from Wright Road southeast to Seventh Street or undetected surface 
movement is occurring outside our 89.7 m-long survey line at Seventh Street.

After the rapid slip triggered by the LPEQ, both sites in the Hollister area 
returned to a slower mode of movement which has now persisted for more than two 
years. A more detailed discussion of the effect of the Loma Prieta earthquake on the 
Calaveras fault in the Hollister area was published in Geophysical Research Letters 
(Galehouse ,1990). The paper also discusses the effect of the Morgan Hill earthquake 
in 1984. No immediate surface displacement had occurred at either of our Hollister 
area sites when they were measured the day after the Morgan Hill earthquake in 1984. 
However, within the following 2.5 months, both sites showed over a cm of right slip 
which was followed by a relatively long interval of slower slip (see Figure 4).

In contrast to our sites in the Hollister area, Site 19 in San Ramon near the 
northwesterly terminus of the Calaveras fault was not affected by the LPEQ. It has 
remained virtually locked throughout our 10.9 years of measurements.

CONCORD - GREEN VALLEY FAULT (see Figure 5) - We began our 
measurements at Site 3 and Site 5 on the Concord fault in the City of Concord in 
September 1979. It appears that typical movement characteristics at both sites are 
intervals of relatively rapid right slip of about 7-10 mm over a period of a few months 
alternating with intervals of relatively slower right slip of about a mm or two a year over 
a period of several years. The latest phase of relatively slower slip has persisted for 
about 3.6 years (through 29 September 1991). We think it is likely that another phase 
of relatively rapid slip will occur within the next year.

It appears that the LPEQ and the 1990 swarms of earthquakes near Alamo 
(between the southeastern end of the Concord fault and the northwestern end of the 
Calaveras fault) had no effect on the Concord fault at our measurement sites in the 
City of Concord.

We began measuring Site 20 on the Green Valley fault near Cordelia in June 
1984. Large variations tend to occur at this site between measurement days, possibly 
because logistical considerations resulted in our survey line being particularly long 
(335.8 m). However, our results suggest that the Green Valley fault behaves similarly 
to the Concord fault i.e., relatively rapid right slip in a short period of time (months) 
alternating with relatively slower slip over a longer period of time (years). The Green
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Valley fault was in a period of relatively slower movement for the first 20 months of our 
measurements, averaging a few mm per year of right slip. In early 1986, however, the 
fault slipped right-laterally more than a cm. This was followed by about three years in 
which the net slip was less than one mm/yr. Sometime after 6 August 1989, the Green 
Valley fault entered into another phase of relatively rapid right slip that totalled about 
15 mm by 22 April 1990. For the next 1.5 years (through 13 October 1991), the rate 
has been less than three mm/yr. The overall average rate of movement has been 
about 5.6 mm/yr for the past 7.3 years.

There is a possibility that shaking from the LPEQ triggered the onset of the latest 
phase of relatively rapid displacement on the Green Valley fault. As mentioned, we 
did detect about 12-14 mm of right slip on the southern Calaveras fault in the Hollister 
area that was triggered by the LPEQ. However, these sites were less than 50 km from 
the epicenter and the same sites had slip triggered by the Morgan Hill earthquake in 
1984. Our site on the Green Valley fault is more than 140 km north of the epicenter 
and it is probably only a coincidence that the fault began its latest phase of relatively 
rapid movement at a time that could be approximately related to the LPEQ. Our 
measurement intervals on the Green Valley fault are too far apart to pin down the exact 
time when relatively rapid slip started and there is no other evidence suggesting any 
relationship. In addition, none of our other sites on the Hayward, northern Calaveras, 
or Concord faults (which lie between the Green Valley fault and the epicenter) showed 
any significant changes in surface slip rates associated with the LPEQ.

Regarding the relationship between the Green Valley and Concord faults, the 
episodes of relatively rapid slip and relatively slower slip do occur at different times 
and the rate of slip is higher on the Green Valley fault. The episodic nature of the slip 
and the duration of the faster and slower intervals, however, are similar. Based on 
these similarities and the small step between their respective trends, we consider the 
Concord and Green Valley faults to be different names for the southeastern and 
northwestern segments of the same fault system.

RODGERS CREEK FAULT (see Figure 6) - We measured a site on the 
Rodgers Creek fault in Santa Rosa from August 1980 until we had to abandon it for 
logistical reasons in January 1986. During these 5.4 years of measurements, no 
significant surface slip occurred and we concluded that the Rodgers Creek fault was 
not creeping at this site.

In September 1986, we established Site 21 on the Rodgers Creek fault near 
Penngrove (see Figure 1). The least-squares average at Site 21 is 2.4 mm/yr for the 
past 5.1 years (through 26 October 1991). Because variations of several mm tend to 
occur from one measurement day to another, it is difficult to know whether the Rodgers 
Creek fault is really creeping slowly or whether it is not moving much at all and our 
average rate at this point in time is due to the "noise" level at this particular 
measurement site. Perhaps the results will become less ambiguous as we continue 
our measurements over a longer period of time.

The LPEQ (see Figure 6) does not appear to have had any effect on the 
Rodgers Creek fault at Site 21.

WEST NAPA FAULT (see Figure 6) - We began measurements at Site 15 in 
the City of Napa in July 1980. Similarly to the situation at Site 21 on the Rodgers 
Creek fault, there tends to be a lot of surface "noise" at this measurement site. 
However, the average rate of right slip on the West Napa fault over the past eleven
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years is only 0.2 mm/yr. In other words, the West Napa fault is virtually locked at the 
surface with no creep occurring.

The LPEQ (see Figure 6) does not appear to have had any effect on our results 
for the West Napa fault.

SEAL COVE-SAN GREGORIO FAULT
measurements at Site 7 on the Seal Cove fault segment in Princeton in November
1979. No net slip has occurred in the past 11.8 years

(see Figure 7) - We began

(through 14 September 1991).
We began measuring Site 8 on the San Gregorio fault segment in May 1982. 

This site shows very large variations from one measurement day to another, probably 
due in part to the particularly long distance (452 m) between the IS and ES. The 
average rate of movement is less than one mm/yr for the past 9.3 years (through 14 
September 1991) and we conclude that the Seal Cove-San Gregorio fault is not 
presently creeping.

The LPEQ (see Figure 7) does not appear to have had any noticeable effect on 
the rate of movement at either of our sites on this fault system.

ANTIOCH FAULT (see Figure 8) - We began measurements at Site 11 in the 
City of Antioch in May 1980. The average rate of movement has been less than one 
mm/yr for the past 11.4 years (through 5 October 1991). Site 9 just south of town has 
shown 1.7 mm/yr for the 7.6 years through 1 July 1990. New construction has 
destroyed our measurement array at this site. We hope to reestablish measurements 
in this area during 1992 when we anticipate that the construction will be finished. We 
have noted that much subsidence and mass movement creep occur both inside and 
outside the Antioch fault zone in the are.a of our two measurement sites and it is quite 
possible that these nontectonic movements are influencing our measurement results. 
If any tectonic creep is occurring along the Antioch fault, it is probably at a very low 
rate.

The LPEQ (see Figure 8) does not appear to have had any noticeable effect on 
movement rates at either of our sites on the Antioch fault.

1990 and 1991 PUBLICATIONS

Galehouse, J.S., 1990, Effect of the Loma Prieta earthquake on fault creep rates in the 
San Francisco Bay region: EOS, Transactions American Geophysical Union, v. 
71, no. 8, p. 288.

Galehouse, J.S., 1990, Effect of the Loma Prieta earthquake on surface slip along the 
Calaveras fault in the Hollister area: Geophysical Research Letters, v. 17, no. 8, 
pp. 1219-1222.

Galehouse, J.S., 1991, Creep rates on Bay Area faults during the past decade: Geol. 
Soc. Am. Abstracts with Programs, v. 23, no. 2, p. 27.

Galehouse, J.S., 1991, Present - day creep on the Green Valley fault: in Field Trip
Guide to the Geology of Western Solano County; Figuers, S.H., editor, Northern
California Geological Society and Association o 
Guidebook, pp. 12-16.
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121° 30'

38°-

Seal Cove 
Fault

Hollister 
121°30

-37 37° 30'-

- 37 37°-

123° 00'

Figure 1. Numbered dots are San Francisco State University theodolite 
measurement sites.Epicenters and magnitudes are indicated for the 
24 April 1984 Morgan Hill earthquake (MHEQ) and the 17 October 1989 
Loma Prieta earthquake (LPEQ).
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Strain Rates Across California: GPS Reoccupation of an Historical Triangulation 
Network Between San Francisco and Lake Tahoe

Grant No. 14-08-0001-G1964

Lewis Gilbert, John Beavan, Chris Scholz
Lamont-Doherty Geological Observatory of Columbia University, Palisades, NY 10964 

Tel: (914) 359 2900; Fax: (914) 359 5215; e-mail: gel@lamont.ldgo.columbia.edu

Investigations
The part of the U.S. Primary Triangulation Arc that crosses California between the San 

Francisco Bay area and the Sierra Nevada is being reoccupied by Global Positioning System 
(GPS) surveying. The purpose is to extend the post-1906 deformation history of this network to 
the present; the network was measured by triangulation in 1922, 1928, -1948 and -1963. The 
derived shear-strain history will be interpreted in terms of plate-boundary models of the region, 
and compared with strain changes indicated by regional earthquake moment release rate variations.

Results (as of November 1991) 
Background

The transcontinental control network was completed in the late 19th century; the 
westernmost marks in that network span California from the Sierra Nevada to the San Andreas 
Fault (S AF). After the 1906 San Francisco earthquake William Bowie (then head of the Coast and 
Geodetic Survey) realized that the control network had been deformed, and decreed that the 
network from the Sierra to the SAP should be resurveyed periodically in hopes that measured 
deformations would lead to future earthquake predictions. Those remeasurements were carried out 
in increasingly haphazard fashion in roughly 1922, 1928, 1948, and 1963. The goal of our field 
effort is to extend the crustal deformation history of this network and to establish a high-quality 
regional pre-seismic baseline.

Prior Results
The existing triangulation data have been analyzed to learn about historical changes in strain 

rates (Gilbert et al, EOS, 69, p 1448, 1988; Eos, 70, p 1354, 1989). There is a hint of a 
reorientation of the strain field between the 1948 and 1963 triangulation measurements, which 
potentially coincides with the increase in moderate magnitude seismicity in the San Francisco 
vicinity (Ellsworth et al., 1981, in Earthquake Prediction, Maurice Ewing series vol.4, pp. 126- 
140). The errors in the historical data are substantial, and the GPS measurements will allow us to 
confirm whether or not this reorientation has actually taken place.

Reconnaissance
A reconnaissance trip was made in August 1989 in order to establish the current state of the 

survey monuments, and to organize access and other logistical matters. All but one of the eleven 
historical marks had survived, or had reference marks that had survived, though a few needed 
repairs of various forms. The one exception was Mt. Tamalpais (Figure 1) which was destroyed 
around 1950 during construction of a radar facility; however, a new mark at this site has been 
measured since the early 1950s. Three of the old marks were inappropriate for GPS 
measurements because of nearby structures; these required the establishment of eccentric 
monuments.
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GPS field-work
The GPS campaign (entitled NCPAR91) was carried out during the period 19-28 March 

and 18-22 July 1991 (Figure 1) using nominal 7 hour observation sessions. The High Sierra and 
foothill sites were not accessible during the March campaign due to adverse weather conditions, 
and the network was completed during the July trip.

Current Status
1) The historical network has been completely reoccupied with GPS and it has been tied into 

the California HPGN at two points in the Great Valley. The GPS reoccupation extends the history 
of this network to greater than 100 years.

2) Preliminary processing of the GPS data has been completed and day to day repeatabilities 
are ~1 cm for baselines of ~ 100km. This is quite encouraging and indicates that we have collected 
a good set of measurements.

3) The preliminary GPS results have been combined with the triangulation data. For our 
initial analysis of strain rates as a function of time, the network has been broken up into two zones, 
the "Coast Ranges" and the "Great Valley and Foothills" (see Fig. 1). In Figure 2 we show 
average yi strain rate results for each zone, and over several time intervals, yi corresponds 
approximately to SAP-parallel shear strain. The vertical error bars correspond to ±lc standard 
errors, and the horizontal bars span the time between surveys. The clearest result to date is the 
detection of right-lateral strain accumulation since 1922 at an average rate of 0.3-0.4 jjrad/yr over 
the 60 km-wide Coast Ranges zone. The average strain rate appears to be lower in the 1922-1991 
interval than in the 1922-48 interval (bottom plot), suggesting a moderate decrease of strain rate 
with time. There are anomalies associated with the 1948-63 interval that we do not yet understand 
(top and middle plots).

4) Work is continuing to improve the GPS solutions and to improve the comparison between 
the GPS results and the historical data.

Publications during this reporting period
Gilbert, L.E., J. Beavan and C.H. Scholz, Northern California Primary Arc Reoccupation 1991 
(NCPAR91): GPS Reoccupation of an Historical Triangulation Network Between San Francisco 
and Lake Tahoe, California (abstract), EOS, 72, 116, 1991.
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DEEP BOREHOLE PLANE STRAIN MONITORING
14-08-0001-G1812
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StLucia, 4067
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ph. (+ 617) 3652473

ACTIVITIES

1. An investigation of both the long term strain anomalies and details of short 
term changes of level in the strain data from San Juan Bautista has been carried out. 
These data have been compared with long term and short term creepmeter data from 
sites along the San Andreas fault in the region of San Juan (provided by K. Brecken- 
ridge). Models of possible common source regions for similar creep and strain signals 
have been investigated. Papers reporting the results of these investigations (including 
collaborative work undertaken during a visit by Kate Breckenridge of the U.S.G.S., 
Menlo Park in July, 1991) have been prepared for the Fall, 1991 AGU and have also 
been submitted for publication.

2. Valuable collaborative work was undertaken during an extended visit by Dr. 
Alan Linde (D.T.M., Carnegie Inst. of Washington) in 1991. Investigations were com­ 
pleted of amplitude of tidal components of the strain record for the periods before and 
after Loma Prieta earthquake. A paper reporting the results of this work has been sub­ 
mitted. Comparison of a number of different methods of tidal analysis for use in inves­ 
tigating strain data was also undertaken during this visit.

3. Data from the three tensor strain sites at Parkfield has been processed regu­ 
larly, and monthly reports of strain provided to the Parkfield group meetings. A 
number of short term (hours to days) signals evident on both a strain data record and 
on a nearby creepmeter in the Parkfield region have been investigated to determine the 
possibility of a common source region.

4. A procedure involving a plot of the two primary shear strain components Ji 
and y2 against each other has been developed, and a paper giving the details is in 
preparation. This procedure provides a useful means for physical interpretation of 
shear strain and strain changes over time.

RESULTS

For the period 1985 - September 1991 we examined the San Juan Bautista strain 
(SJT) and creep (XSJ2) records independently for steps. Apart from coseismic steps 
which are generally seen only on the strainmeter, the most frequent event is one 
involving both strain and creep steps. Individual strain steps at SJT are remarkably 
similar and have duration of about an hour. They are followed within hours to days 
by right lateral creep events at XSJ2 of several mm. The creep events are much slower 
than the strain events, with the major offset occurring over a few days. A representa­ 
tive selection of the events as recorded on the strainmeter and the creepmeter at XSJ2 
are shown in Figure 1.

Investigation of a wide range of dislocation models in the region of San Juan 
Bautista led to our conclusion that the source is a small region below XSJ2 at a very 
shallow depth of about .5 to 1km, and a few km at most in extent. Location of this 
source so close to XSJ2 by processing of totally independent strain data , suggests a 
causal relationship between the strain and creep events.
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The long term data for these two sites was examined in the light of these conclu­ 

sions (see Figure 2). Data from other creepmeters further to the south on the San 
Andreas was also considered. The XSJ2 creep record is seen to be dominated by the 
event steps, which account for 80-85% of the total creep. In the strain record the shear 
strain ^ (approximately fault parallel) is dominated by a change of strain rate, relative 
to the 1987 rate, of +1 microstrain/year before Loma Prieta, and +2 microstrain/year 
following the earthquake. The onset time of the latter change coincided with an 
increased creep event frequency which began some 3 to 5 months after Loma Prieta.

The linearly increasing elastic shear strain seer, by the SJT strainmeter can be 
explained by the dislocation stress arising from a slip deficit on a locked patch in the 
region. Consideration of possible source regions to account for this anomaly resulted 
in a model with a locked patch at least 5 kilometer^ long, centred south-east of San 
Juan Bautista, the upper boundary of which is within 1-2 km of the surface, beneath 
the regularly failing small region discussed above. Such a model is shallower man 
locked regions postulated in the literature, suggesting that either the coseismic slip pro­ 
pagates closer to the surface than indicated in the literature, or that the region 3 to 1 
km depth is locked but fails aseismically probably as afterslip, due to a velocity 
strengthening mechanism.
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Figure 1. A Some representative samples of creep/strain events observed in the 
data from creepmeter XSJ2 (located on the San Andreas Fault on the southern outskirts 
of San Juan Bautista) and tensor strainmeter SJT (located 2 km to the west of XSJ2). 
Note the striking similarity of events over a 5 year timespan.
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Figure 2. A comparison of the shear strain anomaly before and following the 
Loma Prieta event with the creep at XSJ2 (data courtesy of Ms K. Breckenridge, 
USGS). The creep retardation characteristic of the pre Loma period has changed to an 
above average creep rate with similar time signature to the observed shear strains at 
the San Juan tensor strain instrument. 275
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PURPOSE

Surface evidence of faults in the New Madrid Seismic Zone are 
rare, despite three major earthquakes in 1811 and 1812. The 
"sunklands" of northeast Arkansas hav6 been attributed to 
subsidence associated with these earthquakes. The "sunklands" 
are lakes or swampy areas that occur along streams that have 
locally low gradients. An alternative hypothesis attributes the 
"sunklands" to alluvial drowning at least a thousand years ago. 
This alluvial drowning occurred where a major crevasse channel of 
the Mississippi River has aggraded faster than smaller tributary 
streams. The purpose of this study is to determine which, if 
either, hypothesis is correct by deteirmining the date and origin 
of the lake or "sunkland" using its sedimentologic, biologic, and 
historic records.

DATA COLLECTION AND ANALYSES 

Geology

Lake coring of Big Lake in northeastern Arkansas was 
conducted during May, 1991. A total of 26 cores were collected. 
Of these, three cores ranged from 5 to 7 m in length and the 
remaining cores ranged from 1 to 2 m in length. The cores were 
described and sampled for textural analyses. To date grain size 
analyses have been completed on 10 of the cores, including all of 
the long cores. Organics were sample^ for radiocarbon dating and
8 dates have been obtained. One core
analyses and a date has also been obtained from these samples

Siting of a trench is in progress 
digital elevation maps of the area, and 
Big Lake National Wildlife Refuge have

was submitted for 7 Pb-210

Aerial photographs, 
historic data from the 

been examined. Trenching
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cannot begin until water levels subside. 

Dendrochronology

Field work to core trees in Big Lake and the St. Francis 
Sunklands was conducted during May, 1991. Not a single living 
tree older than 180 years (or 1811-1812) was located and only 15 
trees were sampled from this area to verify the field 
observations. Most of the sampling was done at the St. Francis 
Sunklands where an abundance of old trees and logs were located. 
Here 118 trees and subfossil logs were sampled. These cores are 
presently being dated using dendrochronology.

History and Archeology

Early records of French, Spanish, and English settlement of 
the area are being collected from University of Arkansas Library 
Special Collections, Memphis State University Library, and the 
New Madrid Museum.

Historical information from Big Lake National Wildlife Refuge 
has been examined. These reports, maps, etc. provide information 
abut the condition of the area at the turn of the century prior 
to major construction in the area and man's impact on the area 
since that time. This information is valuable in interpreting 
sedimentation patterns in the lake and distribution of the 
vegetation in the area.

PRELIMINARY RESULTS

The two hypotheses that have been proposed for the 
"sunklands", alluvial and tectonic, are being tested using cores 
from Big Lake, Arkansas. Twenty-six cores were taken in the 
lake. These cores were described and sampled for textural 
analysis, total carbon, C14 dating, and Pb210 . In 24 cores up to 
1 meter of silty clay lacustrine sediment was identified at the 
lake bottom. Commonly organics occur at the lower contact of the 
silty clay. Units beneath the lake sediments were variable and 
included bedded and laminated sand, laminated clay, massive clay, 
bedded sandy loam, buried soils, and a few disturbed units 
interpreted as liquefaction features. In the three deepest cores 
the pre-lacustrine deposits included 4.2 m of bedded sand, 4.4 m 
of interbedded sand and clay with a buried soil at 0.8 m depth, 
and 6.0 m of interbedded sand and clay with a buried soil at 0.8 
m depth. The sand had horizontal bedding and lamination, 
precluding emplacement by liquefaction.

These results are not consistent with an alluvial drowning 
hypothesis where fine-grained laminated sediment becomes coarser 
grained with depth. They are consistent with a variety of 
fluvial and backswamp environments suddenly drowned by the 
formation of a lake. C14 dates indicate that the lake was formed 
between 160 + 70 years B.P. (1720-1860 A.D.). This is consistent 
with the formation of the lake during the New Madrid earthquakes 
in 1811-1812.
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Introduction

M8 is an earthquake prediction algorithm which was developed by the Russian 
seismologist Kosobokov (Keilis-Borok and Kosobokov, 1986). The algorithm attempts to 
identify characteristic variations in seismicity which occur as precursors to large 
earthquakes. The algorithm has been applied to numerous seismicity catalogs from 
around the world and the authors have claimed that it correctly identifies times during 
which the probability of the occurrence of a large earthquake is increased (Gabrielov et 
al., 1986). These are called Times of Increased Probability (TIPs).

The fundamental assumptions made by M8, and other similar algorithms, are that 
observed variations are related to actual physical changes in the processes which are 
occurring in the earth and that the parameters being examined by the algorithm are 
consistent indicators of those processes over time. It is clear from a growing body of 
work (Habermann 1988, Habermann and Craig 1988, Wyss, 1992) that neither of these 
assumptions are true. The strongest variations observed in seismicity catalogs are nearly 
always related to changes in the observing system and large temporal variations exist in 
systematic errors in earthquake magnitudes. Neither of these facts were considered 
during the development and testing of M8.

We have examined 141 regions in the southwest Pacific using M8. Two types of 
magnitudes from each of two catalogs were used, yielding 4 data sets for each region. 
Our analysis revealed 189 TIPs in 78 regions. If the TIPs were natural, we would expect 
them to be identified by all four catalogs in each region. In fact, only 16 of 78 regions 
with TIPs had four TIPs identified. If we require that the TIPs occurred at the same time, 
only 2 of 129 possible region/time combinations include 4 TIPs. This is a clear indication 
that the TIPs are more closely related to the catalog choice than to variations in the 
seismicity of the earth.

The only difference between two of the data sets we examined was the 
magnitudes assigned to the events. The TIPs identified by the two catalogs were, 
however, very different. This suggests that TIPs are an indicator of systematic errors in
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magnitudes rather than precursory variations. Examination of the temporal variations in 
the differences between the two magnitudes confirmed this.

The Catalogs

Our analysis was carried out using two 
catalogs:

magnitude estimates from two different

1) The NEIC catalog was obtained by Kosobokov from the CD-ROM produced 
by the National Earthquake Information Center in Golden, Colorado. This was the exact 
catalog which Kosobokov used in his recent application of M8 to the southwest Pacific. 
We made one data set from this catalog using 1% (NEICMB), and one using
Kosobokov's common magnitude (NEICMC). The common magnitude is taken as the 
maximum magnitude given for each event.

2) The ISC catalog was created by the International Seismological Center in 
Newbury, England. We used a version from Dr. R.C. H/ilwall which has two body wave 
magnitudes for each event. The first is the standard m^ from ISC (ISCMB). The second
is an mb calculated using the maximum likelihood technique (ISCML).

The Regions

We examined 141 circular regions which covered the seismically active regions 
of the southwest Pacific (Figures 1 A and B). The radius of each region was 427 km. The 
catalog of maximum likelihood magnitudes created by Lilwall spans the time period 
1964 -1983, so we restricted our study to that period.

The TIPs

Running M8 on these regions resulted in the identification of 189 TIPs in 78 
regions. A sample of these is listed in Table 1. The regjion in which the TIP occurred is 
determined by combining 3 fields of this Table (Regiont Area: Circle). We see that a TIP 
was identified using the set NEICMB in EAST: 1:2 and that this was the only data set 
which included a TIP for this region. On the other hand* three data sets included a TIP in 
the circle EAST: 1:6.

We determined the number of TIPs in each region with at least one TIP and 
compiled a histogram showing the distribution of these numbers. This histogram is 
shown as Figure 2. If the TIPs were natural we would expect most regions with TIPs to 
have four, one from each data set. Figure 2 shows that oily 16% of the regions with TIPs 
have four and that most regions with TIPs have only one. The regions with more than 4 
TIPs have several at different times. The counting technique for this histogram ignores 
all temporal aspects of the TIPs. It is, therefore, a best-case counting technique.
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This analysis assumes that all of the TIPs identified in a given region begin at the 
same time. Table 1 indicates that this is not so. The circle EAST: 1:6, for instance, has 
three TIPs. One begins during 1982 and two begin during 1984. Circle EAST: 1:13 has 4 
TIPs. It is counted as a success in Figure 2, but it can be seen that two of the TIPs begin 
during January 1977, one during July 1977, and one during January, 1981. Each TIP has 
a duration of six years, so these TIPs have substantial overlap. Our counting technique 
does not consider this overlap, so it represents the worst case.

When the occurrence time as well as the region are accounted for the histogram in 
Figure 2 changes to look like Figure 3. In this case, only 1.5% of the region/time's with 
TIPs have 4 and 70% of the TIPs are isolated.

What Causes The TIPs?

The conclusion that different catalogs identity different TIPs is clear from these 
results. Our interpretation of this fact is that the TIPs are catalog phenomena and not 
natural. If this is so, what sorts of variations in the catalogs might cause the TIPs? The 
temporal distribution of TIPs in different data sets from both catalogs is shown in Figures 
4 and 5. In the NEIC case, there are generally more TIPs when m^ is used. This is
particularly true in the first several years examined. Both data sets show a clear long- 
term increase in the number of TIPs / year. In the ISCMB case, the average number of 
TIPs/year observed increases by a factor of 5 during 1981. This increase is not apparent 
when the maximum likelihood magnitudes are considered.

The only differences between the data sets which we examined were the 
magnitudes given to the events. This suggests that systematic variations in magnitudes 
might result in TIPs.

There is little difference between the magnitudes in the NEIC data sets because 
for most of the events, the only magnitude is m^, so common magnitude equals m^. For
the events with more than one magnitude, the maximum is chosen as the common 
magnitude. We examined the magnitudes in these data sets and found that the common 
magnitude was not m^ for only 3 to 5% of the events, depending on the time preiod
considered. The differences in TIP counts in Figure 4, therefore, are caused by 
differences in the magnitudes of only a very small fraction of all of the events.

Each event in the ISC data sets has two magnitudes, so there is a much stronger 
difference between the two data sets than in the NEIC case. Figure 6 shows the 
differences between the numbers of ISCMB and ISCML TIPs. Shown along with this 
difference is the yearly average difference between the two magnitudes. In this case we 
expect the maximum likelihood magnitudes to be more stable over time, so they act as a 
standard against which the m^'s are compared. The maxima in these data indicates that
the m^'s were increased systematically during the latter part of the time period
considered.The M8 algorithm considers data from a 3 year window and reports a value 
for that window at the end of it. Changes in the data, therefore, are not clearly identified
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for three years. For this reason, the magnitude differences have been shifted 3 years 
forward in time. The maxima in the average magnitude differences clearly coincides with 
the maxima in the difference in the number of TIPs. This systematic increase in 
magnitudes is reflected in the increased number of TIPs because the functions used to 
identify the TIPs depend on seismicity rates and enejrgy released. Both of these factors 
increase as magnitude increases.

Conclusion

These data clearly indicate that the results of the M8 algorithm in a particular 
region are strongly dependent on the catalog used forithe analysis. This indicates that the 
algorithm is more sensitive to changes in the catalogs than to real changes in the physical 
processes occurring in the earth. In particular, the algorithm preferentially identifies TIPs 
during periods of systematically increased magnitudes. This is not surprising as the 
magnitudes are a fundamental input to the algorithm.

These results demonstrate again that the seisfliicity catalogs which are presently 
available are inadequate for earthquake prediction studies and that a substantial effort is 
required to correct the errors which pervade these catalogs.
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Table 1. A sample ofTTPs identified in this study.

Region Area Catalog
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST
EAST

1 NEIC
1 NEIC
1 ISC
1 NEIC
1 ISC
1 NEIC
1 NEIC
1 NEIC
1 NEIC
1 ISC
1 ISC
1 ISC
1 ISC
1 ISC
1 NEIC
1 ISC
1 ISC
1 NEIC
1 NEIC
1 ISC
1 ISC
1 NEIC
2 NEIC
2 ISC
2 ISC
2 NEIC
2 ISC
2 ISC
2 ISC
2 ISC
2 ISC
2 ISC

Magnitude
MB
MC
ML
MC
ML
MB
MC
MB
MC
ML
MB
ML
MB
ML
MB
MB
ML
MB
MC
MB
MB
MB
MB
ML
MB
MB
MB
ML
MB
ML
MB
ML

Type Circle Lat
F
C
C
C
C
C
C
C
C
F
F
F
F
F
F
F
F
F
S
F
C
C
C
F
C
C
C
F
C
F
C
F

2
4
5
5
6
6
6
7
7

10
11
11
12
12
12
13
13
13
13
14
15
15

1
2
3
3
4
5
6
6
7
7

-6
-4
-4
-4
-4
-4
-4
-5
-5
-5
-5
-5
-6
-6
-6
-8
-8
-8
-8
-9
-9
-9

-10.5
-10.5
-10.5
-10.5

-12
-13
-14
-14
-15
-15

Lon Start
133
137
138
138
140
140
140
142
142
148
150
150
152
152
152
154
154
154
154
156
158
158
163
164

165.5
165.5

166
166.5

167
167

167.5
167.5

Jul-78
Jan-83
Jan-84
Jan-82
Jan-84
Jan-82
Jan-84
Jan-84
Jul-82
Jan-78
Jan-78
Jan-78
Jan-77
Jan-77
Jul-77
Jan-77
Jan-77
Jul-77
Jan-81
Jan-78
Jul-80
Jul-80
Jul-83
Jan-78
Jan-82
Jan-84
Jan-82
Jan-76
Jul-81
Jan-76
Jan-82
Jan-76

The regionalization consists of three layers: Region:Area:Circle. Two catalogs were studied (NEIC and 
ISC). The magnitude types are described in the text. The TIP types are determined by the M8 program. 
They are False, Current, Successful and T, event within .5 magnitude units of target. The latitude and 
longitude are the center of a 427km radius circle. The TIPs last for 6 years after the start date.
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POSSIBLE TIP REGIONS FROM 1975 TO 1984
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Figure 2. Histogram showing the number of TIPs in regions with at least one TIP. We would expect most 
catalogs to identify the TIPs if they were natural. If that were true, this histogram would be peaked at 
four. Instead, we see that most regions with TIPs have only one. In this case we count any TIPs in the 
same region as coincident, ignoring the time of the TIP. This is, therefore, a best case scenario.
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Figure 3. Histogram showing the number of TIPs in region/times with at least one TIP. This is similar to 
the histogram in Figure 2, but we require the TIPs to be at the same time in order to be counted as 
coincident. Again we would expect this histogram would be peaked at four if TIPs were real. Instead, we 
see that the vast majority of region/limes with TIPs have only one.This is a clear indication that the TIPs 
are related to the catalogs, not to processes in the earth.
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Figure 4. The number of TIPs identified in the NEIC catalog eaph year using two different magnitudes. 
Note that both magnitudes show a long-term increase in the number of TIPs.

ISO TIPS WITH DIFFERENT MAGNITUDE
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Figure 5. The number of TIPs identified in the ISC catalog eac|h year using two different magnitudes. 
Note the sharp increase in the number of TIPs identified using mb during 1981 and the lack of a similar 
increase when the maximum likelihood magnitudes are considered. Both data sets included the same 
events, so the differences in the TIPs must be related to magnitudes.

286



II

15 -r

10 --

5 --

The magnitude difference
shifted three years forward
account for the time windo\

the TIP calculation

-5 --

-10 -L

1980 1981 1982 1983 \J984

\

TIPS(MB)-TIPS(ML;

MB-ML

0.15: 

0.10

-- 0.05

-- 0.00

Figure 6. The difference in the number of TIPs/year in the ISC catalog with two different magnitudes. 
Note the sharp peak in 1981 which coincides with the peak in Figure 5. The second curve show the yearly 
average difference between the two magnitudes. This average is shifted 3 years forward to account for 
the time window used in M8.
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Paleoseismic Investigations of the San Andreas 
Fault on the San Francisco Peninsula

Agreement No. 14-08-0001-G2081

N. Timothy Hall
Geomatrix Consultants

100 Pine Street, 10th Floor
San Francisco, California 94111

(415)434-9400 

Research in Progress

This project is planned as a two-year investigation of the late Quaternary 
paleoseismic history of the San Francisco Peninsula reach of the San Andreas 
fault. The Phase I research, which is in progress, is designed to evaluate the 
paleoseismic potential of five sites that may provide an accessible, decipherable, 
and dateable Holocene paleoseismic history of this reach of the fault. Two are 
located near San Andreas and Crystal Springs reservoirs south of San Francisco; 
three are located farther southeast, in the town of Portola Valley. The patterns 
of coseismic slip recorded in 1906, physiographic expression of the rift zone, and 
structural characteristics of the eastern flank of the Santa Cruz Mountains suggest 
that a fault segment boundary may lie at the north end of Portola Valley. The 
sites identified for this project fall on both sides of this possible boundary.

Site Locations and Description

Of the two sites that are north of this potential segment boundary, one is 
between San Andreas Dam and Lower Crystal Spring Reservoir. Based on 
evaluations to date, this site shows promise for paleoseismic investigations. It is 
located where a small alluvial fan of mid- to late-Holocene age has accumulated 
across the major active trace of the San Andreas fault. The fan appears to have 
been progressively dislocated by multiple pre-1906 slip events. Another potential 
site, not yet evaluated, is on the Filoli Estate where an alluvial fan heads at the 
active fault trace, providing the potential for having preserved a record of 
multiple faulting events in offset channel deposits.

The three other potential sites, which are in Portola Valley, are located 
south of the possible fault segment boundary. One, near Portola Valley Town
Center, has a well-documented record of 1906 s ip. This site is underlain by
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fine-grained, peaty sediments, which recently were exposed on an adjacent 
property in trenches excavated for a planned development. These trenches were 
examined, zones of deformation were logged in detail, and charcoal samples were 
collected. A program for future paleoseismic research has been formulated. The 
other sites, located on undeveloped land directly south within the rift valley, have 
either strong geomorphic expression or photo-documented 1906 slip. At one of 
these, a detailed topographic map (contour interval = 20 cm) has been prepared 
for a 250-m reach of the fault where features of the 1906 and earlier faulting 
episodes are especially well preserved. An exploratory trench that reveals the 
subsurface expression of the surface trace is being logged in detail. Access to the 
third site in Portola Valley, where young deposits have accumulated across the 
San Andreas fault, is being negotiated.

Future Work

The outcome of Phase 1 will be to establish a priority ordering of the sites 
based on our judgment of their potential for yielding a detailed paleoseismic 
record. If additional funding is available, Phase 2 will involve detailed 
paleoseismic investigations at one or more of the sites. Methods will include 
backhoe trenching, detailed stratigraphic and structural analysis, and numerical 
(radiocarbon) analysis of key horizons. The anticipated outcome of this study is 
both documentation of the late Holocene slip rate and an event-by-event 
chronology for this currently locked segment of the fault. The detailed 
paleoseismic investigations we propose for the active San Andreas fault trace(s) 
along the San Francisco Peninsula will contribute directly to estimating when 
damaging earthquakes are next likely to strike this major urban center.
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Paleoseismic Investigations of the San Andreas Fault 
at the Vedanta Site, Marin County, California

Agreement No. 14-08-0001-G2114

N. Timothy Hall Tina M. Niemi
Geomatrix Consultants Geology Department
100 Pine Street, 10th Floor Stanford University
San Francisco, California 94111 Stanford, California 94305
(415) 434-9400 (415) 723-0507

Introduction

An accurate estimate of the repeat time of 1906-type events is necessary to 
understand the earthquake cycle in the San Francisco Bay area. Unfortunately, 
the historical record in northern California extends only to the early 19th Century 
and includes no historical accounts of pre-1906 ground rupturing earthquakes on 
the North Coast segment of the San Andreas fault. The Vedanta research site, 
located near the town of Olema in Marin County, California (Figure 1), has the 
potential to provide data on the chronology of pre-1906 ground rupturing 
earthquakes.

Research in Progress

Pre-1906 slip events were identified in four trenches excavated perpendicular to 
the San Andreas fault at the Vedanta site (Figure 2). The aggrading depositional 
environment of the Vedanta marsh, which is traversed by the 1906 fault trace, 
makes this a good site for paleoseismic investigations because layers of sediment 
accumulate across the fault after each slip event. Trench 11, located 64 m from 
the north end of marsh, is a shallow excavation that exposes a buried Douglas fir 
tree that toppled into the marsh from a nearby ridge and was subsequently 
displaced by the fault. Approximately 170 m farther to the south, Trench 12 
contains a basal 1.5 m-thick section of clayey silts, organic-rich marsh silts, and 
interbedded gravel channels that are confined to a narrow trough along the fault. 
In the south end of the marsh, Trenches 15 and 13 are located 23 m and 70 m 
from the north end of the wind gap, respectively. They revealed interbedded 
alluvial fan gravels and fine-grained marsh sedimeik. Detailed logging of these 
trenches provides evidence for 2 to 5 pre-1906 faulting events. These events 
were identified on the basis of upward-terminating faults, crack fills, uncon­ 
formities, and rotated and truncated blocks of sediment.
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Establishing the timing of a paleoearthquake requires radiocarbon ages for both 
the youngest unit cut or deformed by a slip event and for the oldest layer that 
caps the buried earthquake feature. At present, only a limited number of 
radiocarbon analyses are available to bracket the precise timing of pre-1906 slip 
events. A burn horizon that appears in trenches both east and west of the San 
Andreas fault provides a stratigraphic time-line at approximately 1000 years B.P. 
At least three slip events including the 1906 faulting appear to cut layers higher 
in the section than this horizon in Trenches 13 and 15. However, in Trench 12, 
three events including 1906 cut layers dating to 630±30 years B.P. This yields 
a maximum recurrence of approximately 245 to 315 years and suggests the 
penultimate event occurred after 1591-1661 A.D.

Future Work

In order to improve the chronology of pre-1906 events along the North 
Coast segment of the San Andreas fault, better age control is needed. Current 
NEHRP funding is providing support for AMS radiocarbon analyses of short-lived 
plant materials that may constrain the timing of individual paleoearthquakes at this 
site. Additional excavations are planned to expose the details of the fault zone 
at the buried fir tree in Trench 11 and to search for its truncated base. These 
excavations may provide the first evidence in northern California for the amount 
of slip that occurred on the San Andreas fault during a pre-1906 earthquake.
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North Coast 
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Vedanta 
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Figure 1: Paleoseismic sites along the San Andreas fault in northern California. 
The research site for this study is on the Vedanta Retreat property, Olema, 
California.
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Collaborative Research:
Analysis of PANDA data and continuation of PANDA experiment 

in the Central New Madrid Seismic Zone

14-08-0001-G2138

Robert B. Herrmann
Department of Earth and Atmospheric Sciences

Saint Louis University
3507 Laclede Avenue
St. Louis, MO 63103

(314) 658-3131

Investigations
The purpose of this segment of the collaborative effort is to learn as 

much as possible about the dynamics of the earthquake process in the New 
Madrid Seismic Zone by using data from the dense PANDA deployment of 
three component sensors on top of the seismicity in the central seismicity 
trend between New Madrid, Missouri, and Dyelrsburg, Tennessee.
Results

Waveforms of 289 events that occurred during the first nine months of 
the PANDA deployment were examined for use in estimating Q by fitting the 
acceleration spectra derived from the signals in the manner of Anderson and 
Hough (1984). Of the 289 events, spectral analysis was applied to 63, and 55 
were used in the final analysis. In general, the first 0.5 seconds of the P wave 
on the vertical component and the first 1.0 second of the S wave from the 
transverse component were used for analysis in the frequency range of 5 - 25 
Hz.

The spectrum is fit using a parameter K which controls the high fre­ 
quency signal content by a factor exp(-irK/). Given the travel time of the 
wave, T, and assuming that the spectral shaping is due to Q, then Q = T/K. 
In the Mississippi Embayment, this number is strongly affected by the thick 
sediments ( 600 - 1000 m ). The apparent Qp is less than 100. To isolate the 
effect of sediments, K is plotted as a function of distance from a given station 
by using data from many events. This led to K^O) = 0.05 ± 0.01 and the d^/dr 
led to an estimate of Qs ~ 200. Assuming she£r velocities in the sediments, 
leads to an average Qs = 22 for the sediment column.

Since the M. S. Thesis of Wuenscher (1991), an additional nine months 
of data have been processed.

Work is beginning on modeling the PANDA waveforms by synthetic 
seismogram techniques, but will require a digression into anisotropy theory 
to see the effect of anisotropy on S-wave polarizations. This analysis will 
attempt to obtain focal mechanisms defined better than by using P-wave first 
motions alone.
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Publications
Wuenscher, M. E. (1991). Attenuation of body waves in the New Madrid 

Seismic Zone, M. S. Thesis, Saint Louis University.

Wuenscher, M. E., R. B. Herrmann, Z. Liu (1991). Attenuation of body 
waves in the New Madrid Seismic Zone (abs), Seism. Res. Letters 62, (in 
press).
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Cooperative New Madrid Seismic Network

14-08-0001-G1922 14-08-0001-G1923
R. B. Herrmann A. C. Johnston, J. M. Chiu

Department of Earth Center for Earthquake
and Atmospheric Sciences Research and Information

Saint Louis University Memphis State University 
3507 Laclede Avenue
St. Louis, MO 63103 Memphis, TN 38152

(314) 658-3131 \ (901) 678-2007

Investigations
The object of this effort is to upgrade the regional seismic networks in 

the central Mississippi Valley to provide the data sets necessary for future 
research in the earthquake process and in earthquake generated ground 
motion.

In order to accomplish this, the satellite telemetry capability of the US 
National Seismic Network will be used to communicate between central data 
collection points at Memphis and St. Louis and the intelligent regional 
seismic network nodes to be placed at five sites in the region.

Major tasks involve the design and implementation of the data centers, 
the regional nodes at satellite uplink points, and the seismic sensors in the 
field. Data will be transmitted from the sensors to a node using all digital 
telemetry, 20 and 24 bit, to the extent possible with the present funding. The 
final network will consist of 5 nodes, each collecting data from a broadband 
sensor, an accelerometer and three-component seismometers.
Results

Efforts to date have concentrated on the design of PC based regional 
nodes to communicate with the regional datd centers using USNSN satellite 
telemetry. In addition the design of the PC systems has focused on their use 
as replacements for ten year old central digitizing computers of the current 
regional networks.
Data Acquisition.

The PC based systems run a real time U^DC product, VENDC from Ven- 
turCom, and have all the multitasking, interprocess communication and net­ 
working tools needed for an observatory and for regional nodes. This new 
hardware and especially a modern operating system permit processing tasks 
that are difficult to do on the older computers. The multiprocessing capabil­ 
ity differentiates this system significantly from other PC based systems. The 
fact that it is a PC based system also has significant cost advantages with 
respect to repair and replacement.

In a data center environment, defined as one in which all seismic data 
comes to a central collection point in real time, the model used by almost all 
current networks, this system will perform the following tasks (items to be
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implemented are indicated by an asterisk *):

PC BASED ACQUISITION SYSTEM
1) eqacquire - detect earthquakes, save data on disk, notify eqdemux on com­ 

pletion of trigger. 128 input channels, subnet detection, and station 
dependent trigger parameters are supported.

2) eqdemux - demultiplex seismic data, create pointers to traces in binary 
data file, notify eqpick and eqsend upon completion

3) eqsend - send binary data files to system file server over Ethernet
4) eqpick* - pick P and S arrival times using R. Crosson's CPICK program, 

invoke eqlocate for preliminary location, robustly examine residuals to 
catch phase misidentification, relocate, send preliminary location over 
network to system file server

5) eqlocate* - robust earthquake location program that handles different 
earth models and locates teleseisms as well as regional seismic events

6) eqtime - read time code as it is digitized, update eqacquire's concept of 
true time, define current A/D sampling rate, noting hourly drift.

7) eqtrace* - interactive trace analysis to correct arrival time picks
8) eqmap* - display recent earthquake locations on monitor
9) eqview - display seismic traces as they are being digitized, as a digital 

Develocorder (TM Geotech)
10) eqmenu - menu based system control for running individual programs 

listed above. Purpose is for general use (privilege protected) view of 
system performance. In addition permit initialization of parameters of 
eqacquire.

SERVER
1) final analysis software for catalog and archive. Programs eqtrace*, 

eqmap*, eqpick* and eqmenu will run as on PC. The heart of this are 
definitions of binary data format, and device, operating system 
independent graphics.

2) automatic notification of event occurrence
3) storage of all parameter and waveform data on optical disk.
4) waveform inversion of broadband data for significant events using IRIS, 

USNSN and local broadband data.
The processing steps make use of much existing code as well as analysis 

approaches. Operating system capabilities, such as using the line printer dae­ 
mon to control processing steps, will be used to simplify the coding. Care is 
taken to properly define data formats and to make the analysis software as 
independent of specific data formats as possible. Concepts from the Center 
for Seismic Studies 3.0 Database will be used to characterize data and parame­ 
ters. A lowest level subset will be used to permit the use of a variety of data 
sets, including USNSN, IRIS, strong motion data and local research network 
data without significant pain to the user. The code to be written will attempt 
to the platform independent, permitting its use not only on workstations, but 
also on PC's, thus fitting in with ISOP initiatives.
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VSAT Testing
Two VSAT's (Very Small Aperture Terminal) from Scientific Atlanta 

have been installed, one in Memphis at CERI, and the other in Marked Tree. 
The VSAT at Marked Tree will currently carry two-communications between 
the regional node at Marked Tree and the receiving at Memphis (and later St. 
Louis) via the USNSN center in Golden, Colorado. Testing of the VSAT com­ 
munications network has begun. Currently, Memphis State has been success­ 
ful in establishing two-way round-trip communications through the system. 
The current setup uses two ports on the same AD (Packet Assembler 
Disassembler) for testing the USNSN facilities. Both ports are presently 
attached to a VAX 11/785 at CERI/MSU and Will be left there for the duration 
of the testing phase. Several sets of tests will be implemented in the immedi­ 
ate future. The first test will verify the integrity of the rollback system for 
handling data transmission problems. Once the rollback system has been ver­ 
ified, the full set of USNSN protocols will be implemented. The subsequent 
set of tests will include downloading commands to remote field sites, making 
data requests to the USNSN, and checking out other features of the system.
Publications

Herrmann, R. B., E. J. Haug, A. C. Johnston and L.-M. Chiu, Progress in 
implementing the Cooperative New Madrid Seismic Network (abs), Seism. 
Res. Letters 62, (in press).
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ACTIVE SEISMIC STUDIES OF VOLCANIC SYSTEMS

9930-01496

D.P. Hill, H.M. Benz, J.A. Olson, I.E. Vidale
Branch of Seismology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-4795

Investigations

Over the last decade, this project has focussed on the activity in Long Valley cal- 
dera and coordination of associated monitoring research, and hazard reduction activi­ 
ties. Because project funding has come from the Volcano Hazards Program, the project 
has not been a regular contributor to the NEHERP seimi-annual technical reports. For 
current reporting period, however, the following efforts funded under NEHERP have 
been administratively associated with this project in addition to the on-going coordina­ 
tion of Long Valley caldera monitoring and research:

1) Applications using the regional seismograph networks in the western United States 
for array studies of seismic scattering from upper mantle structures (I.E. Vidale 
and H.M. Benz).

2) Seisrnicity patterns associated with Loma Prieta segment of the San Andreas fault 
(J. Olson).

3) Analysis of the geometry of seismogenic strike-slip and normal faults and its 
significance for fault strength and stress levels in the brittle crust (W. Thatcher 
and D.P. Hill).

Results

Long Valley Caldera (D.P. Hill)

Large, restless calderas pose a particularly vexing challenge for both scientists 
monitoring the activity and civil authorities who must respond to the threat of volcanic 
hazards during periods of heightened activity. Not only do we lack modern, instrumen­ 
tal records of eruptions and their precursors within large calderas, but the patterns of 
unrest documented in well-monitored calderas such as Long Valley (California), Yel- 
lowstone (Wyoming), Campi Flegrei (Italy), Rabaul (New Guinea) show episodes of 
intense unrest separated by years to decades of relative quiescence. This situation 
severely tests the ability of scientific, civil, and political institutions to maintain 
effective, long-term monitoring and emergency preparedness capabilities. As part of an 
effort to address this problem for Long Valley caldera and the adjacent Inyo-Mono
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Craters volcanic chain, we (Hill and others, 1991) have developed a five-level alert 
system using criteria based on activity within the caldera over the last decade and on 
well-documented examples of activity preceding volcanic eruptions elsewhere in the 
world. Each of the alert levels, E (weak activity), D (moderate activity), C (strong
activity), B (intense activity), and A (eruption likely) is tied to specific activity levels
detected by telemetered seismic and deformation-monitoring networks maintained 
within the caldera as well as the results from a laser-ranging geodetic network that is 
measured several times a week. Each of the alert levels, in turn, triggers a specific 
response by the U.S. Geological Survey (USGS). Levels E through C, for example, 
trigger information calls to a successively wider group of federal, state, and local 
authorities. Level B mobilizes an intensified USGS nionitoring effort from a field 
center established in the caldera. Level A triggers a formal Hazard Warning for the 
possibility of an imminent volcanic eruption. Such a system does not solve the prob­ 
lem of predicting volcanic eruptions nor does it eliminate the need for making tough 
personal judgements under difficult circumstances. It does, however, provide a stable 
framework for establishing and maintaining clear communication between scientists 
monitoring the caldera and civil authorities responsible for protecting local population 
centers from hazards posed by a possible volcanic eruption.

Loma Prieta seismicity patterns (JA. Olson)

A Workshop on the Seismotectonic Significance 01* the Loma Prieta Earthquake 
was held at the Asilomar Conference Center, Pacific Grove, CA, on May 12-15, 1991 
(Steering Committee: Bill Ellsworth, Bob Anderson, Greg Beroza, Bill Cotton, Jean 
Olson, and Dave Schwartz). The workshop brought researchers together to present and 
compare their current work on the mechanics of the earthquake and the geologic 
framework of the southern Santa Cruz Mountains. Extensive discussion of key issue 
provided a more comprehensive picture of the earthquake, a sharper focus of the out­ 
standing controversies, and direction for further work while NEHERP projects funded 
in FY91 were still in progress. Olson (in press) summarizes key findings and contro­ 
versies regarding the Loma Prieta earthquake that emerged from the workshop 
specifically including: (1) the nature of the sub-surface rupture, (2) the coseismic sur­ 
face deformation, (3) the relation of the rupture surface to the San Andreas fault, (4) 
the long-term deformation of the southern Santa Cruz Mountains, and (5) the present 
earthquake potential in the southern Santa Cruz Mountain^.

Fault orientations in extensional and conjugate strike-slip environments and implica­ 
tions frictional fault strength (D.P. Hill and W. Thatcher).

In a review of the orientation seismogenic strike-slip and normal faults in regimes 
of distributed deformation, Thatcher and Hill (1991) find that the fault planes tend to 
cluster about 45° to the greatest principal stress direction rather than the =30° angle 
predicted by conventional Mohr-Coulomb faulting theory (also see report by Stein, 
Thatcher, and Grant for project no. 9960-01488). Hil| and Thatcher (1992) have 
analyzed the energy required for slip on faults at varying angles (6) to the greatest
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principal stress in a fixed stress field to obtain an upper bound on the effective 
coefficient of friction ^(9) for slip on faults misoriented with respect to the optimum 
angle for slip, 90, given by the Coulomb criteria. They define an effective coefficient of 
friction as u^ = jud (l - Pf I crn ), where Pf is the pore pressure confined to the fault zone, 
and crn is the stress normal to the fault. The two-dimensional analysis applies to a per­ 
vasively fractured crust with heterogeneous fault strength, and the results show that 1) 
slip will be energetically favored on faults at 45° to 50° to the greatest principal stress if 
the coefficient of friction along these faults is just 20% to 25% lower than along faults 
at the optimum Coulomb angle (90 = 25° to 30° for commonly accepted values of fric­ 
tion, \Ld = 0.70 - 0.75, in the upper crust); 2) in the extreme case of vanishingly small 
frictional strength and low ambient shear stress, the 45° angle for optimum fault slip 
(parallel with the direction of maximum shear stress) is only weakly favored over a 
wide range of fault orientations on either side of 45°; and 3) slip will be energetically 
feasible on strongly misoriented faults (9 > 80°) with an intrinsic coefficient of friction 
of \id = 0.7 (9 = 28°) if 0^(9) < 0.2 along the misoriented fault. The latter implies a lower 
bound on the the fault-confined pore pressure of Pf £ 0.8crn , where cn is the normal 
stress across the fault. This constraint has the form

* rsin29 ,,
~ (1 - rcos29)

where r = tm / cm is the stress ratio defining the threshold stress field for slip on 
optimally oriented faults (90) with tm and crm representing the maximum shear stress 
and mean stress, respectively (see Figure 1).

Array Studies of Seismic Scattering (J.E. Vidale and H.M. Benz)

See the separate summary by John E. Vidale and Harley M. Benz for project no. 
9930-01496.

Publications

Hill, D.P., MJ.S. Johnston, J.O. Langbein, S.R. McNutt, C.D. Miller, C.E. Mortensen, 
A.M. Pitt, and S. Rojstaczer (1991): Response Plans for Volcanic Hazards in the 
Long Valley Caldera and Mono Craters Area, California: U.S. Geological Survey 
Open File Report 91-270, 64 p.

Hill, D.P., and W. Thatcher (in press), An energy constraint for frictional slip on 
misoriented faults: Bull. Seismol. Soc. America.

Olson, J.A. (in press), Filling in the gaps: the 1989 Loma Prieta, California earthquake: 
EOS, Transactions of the American Geophys. Union.

Thatcher, W., and D.P. Hill (1991), Fault orientation in extensional and conjugate 
strike-slip environments and their implications: Geology, v. 19, pp. 1116-1120.
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FIGURE 1. Curves from equation 1 defining the upper bound on the effective 
coefficient of friction, |i,J(9), as a function of the angle between the fault plane and 
the greatest principal stress direction, 9 with the stress ratio, r as a parameter. A 
given r corresponds to a stress field just meeting the Coulomb limit for slip on an
optimally oriented, pre-existing fault along which the coefficient of friction is
uj(90). Under this stress field, slip can occur on a misoriented fault (9) if the 
coefficient of friction along that fault ( uj) falls on or below the curve for r at 9. 
Thus the peak for each curve corresponds to optimum Coulomb orientation, 90, 
for the coefficient of friction uj(90), and the dashed line gives the locus for uj(90). 
The explicit relation between r and u^(90), or r = |i^90)sin290, reflects our assump­ 
tion that the stress field is constant and its magnitude is limited by the strength of 
optimally oriented faults. The shaded area beieath the curve for r = 0.6 
(M**(90) = 0.75) illustrates the range of admissible fault orientations capable of slip 
for the case when the displacement-averaged dynamic coefficient of friction is 
limited to 0.75 > \id > 0.56.
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Systems Engineering 

9920-01262

Gary Hoi comb 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory

Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

Engineering development to improve the quality of seismic instrumentation.

Results

Acceptance testing of the National Seismic Network (NSN) seismic sensors 
continued during this reporting period and will probably continue over the 
next several reporting periods. During this period, one borehole system was 
delivered and tested prior to shipment to Mexico.

Acceptance testing of the NSN 24-bit digitizers continued during this 
reporting period and will probably continue over the next several reporting 
periods. These digitizers are performing quite well and all results to date 
have been well within system specifications. Fifteen new systems were 
delivered during this period of which approximately 10 have been tested to 
date. Two errors were discovered in our testing operation and the test 
procedures are currently being modified to correct these errors.

Considerable effort was devoted to a demonstration of the capabilities of 
two competing digitizers for the new Global Telemetered Seismograph Network 
(GTSN) data acquisition system.
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Computer Support Project 

9920-04559

Roger N. Hunter
Branch of Global Seismology an4 Geomagnetism

U.S. Geological Surrey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1360

I n vest iga t i cms

This project provides assistance to branch personnel in the area of IBM 
personal computers (hardware and software) and VAX programs. Primary focus 
has been on hardware procurement and graphics programs. The project also 
produces programs of its own as described below.

Results

In the past year, this project has procured eight IBM PCs for the 
secretaries, analysts, and data entry clerks. These computers have been 
received and are operating correctly.

A Calera scanning system with Optical Character Recognition software was 
purchased and is operating. It is used to assist the data entry staff in 
producing ASCII text files from hard-copy originals such as telegrams and 
bulletins. In the past, this material was all typed in by hand. The 
scanner does it automatically and requires only error correction and 
reformatting to be used by the VAX.

Ethernet cards were procured for all branch PCs and are currently being 
installed. The net will link all PCs, Macintoshes, SUN workstations and VAX 
computers using the TCP/IP network protocol.

The Interactive Mapping Program (IMP) was completed and has been distributed 
worldwide. It is also being sold to the public. IMP will plot the user's 
data on a Mercator map with a wide range of options. Two or three world 
outline sets are available (depending on the version). IMP was intended as 
an adjunct to the EPIC CD-ROM and reads those output files by default.

Two holograms were started which will use computer-generated images to 
display seismic information. They will depict i:he seismicity in the San 
Francisco area. The first shows the Loma Prieta aftershock sequence and 
will be featured on the cover of the special edition of the Bulletin of the 
Seismological Society of America (BSSA) to be distributed in October 1991. 
The second will be a wider view of the San Francisco Bay area as seen from 
the northwest. These holograms are the second £nd third time that seismic 
information has been holographically displayed. (We also produced the first 
hologram representing seismic information.)
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A PC-based Bulletin Board System (BBS) has been started which will serve as 
a focal point for seismic and geomagnetic information to the general public 
as well as participating scientists. It can be accessed by calling (303) 
236-0848. We hope to add an 800 number in the future which will make the 
call less burdensome to the public. The BBS will be used to permit the 
public to access the Quick Epicenter Determination files and to leave 
messages to branch staff. Scientists can use it to leave seismic informa­ 
tion or messages. The intent is to take some of the workload off of the VAX 
and to reduce the danger to the VAX from hackers.

In order to promote amateur seismology, we have added an area for such 
purposes in the BBS and have allowed Mr. Robert Sainuelson of New Hope, 
Minnesota, to post his programs and files there. Mr. Samuelson has built 
his own seismometer and is recording digital waveforms on his PC. He has 
also written a program to display the waveforms which can then be enlarged 
or shifted as needed. While this may have no immediate usefulness to the 
branch, we feel that amateur interest in seismology should be encouraged.
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TECTONICS OF CENTRAL AND NORTHERN CALIFORNIA

9910-01290

William P. Irwin 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5639 or FTS/329-5639

Investigations

1. Preparing and revising manuscripts pertaining to the geology and tectonics of 
northern California and southwestern Oregon.

2. Studying distribution of oldland surfaces and glacial features for possible 
neotectonic information.

3. Field work to determine validity of questionable ages assigned to certain rocks of 
the Western Klamath terrane.

Results

1. Much of the report period was spent preparing a description of the geology and 
tectonic development of the Klamath Mountains province for publication in the 
USGS Bulletin series. The report is designed to be supplemental to a geologic 
map of the Klamath Mountains, scale 1:500,000, which is now in press. In addi­ 
tion, an extensive revision of a preliminary geologic map of the Red Bluff 100,000 
quadrangle was completed and the map resubntitted for further technical review. 
The preliminary version of the map, which earlier had been released as Open-File 
Map 84-105, covers the technically complex junction of the northern Coast 
Ranges, Great Valley, Klamath Mountains, and Cascade Ranges provinces. It is 
co-authored with M.C. Blake, Jr., D.S. Harwood, E.J. Helley, A.S. Jayko, and D.L. 
Jones, and is being prepared for publication in the USGS Miscellaneous Investiga­ 
tions Map series.

2. Remnants of oldland surfaces and glacial cirques in northwestern California, at 
the latitude of the Klamath Mountains, were plbtted as an aid in studying their 
possible neotectonic significance. The oldland Surfaces are most abundant in the 
Coast Ranges where many of them are elongat^ surfaces on northwest-trending 
ridges. Some of these are covered by Plio-PleiStocene gravels, and, further inland, 
a few are associated with small patches of shallow marine and nonmarine deposits 
of Miocene age. The surfaces generally are successively higher on parallel ridges 
to the northwest, nearer to the Klamath mountains, and attain altitudes of as
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much as 1500 m. Within the Klamath Mountains the old high-level surfaces 
generally are not linear like those of the Coast Ranges and are restricted to the 
outer parts of the province. A few of these surfaces are associated with Miocene 
deposits, at altitudes of as much as 1200 m, but most do not have surficial depos­ 
its and are undated. The broad core area of the Klamath Mountains, which in­ 
cludes virtually all the high mountain ranges of the province, appears devoid of 
old high-level surfaces. The high mountain ranges have been glaciated as evi­ 
denced by the presence of cirques and other features along the ridge crests. The 
cirques in the southeastern part of the province are at a median altitude of about 
2000 m, and in successive ranges to the northwest the median altitude gradually 
decreases to 1150 m at the northwestern edge of the province. Analysis of the 
neotectonic implications of these features has not been completed.

Reports

Irwin, W.P., 1990, Geology and plate-tectonic development, m R.E. Wallace, ed., The 
San Andreas fault system: U.S. Geological Survey Professional Paper 7575, p. 60- 
80.
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SOUTH SAN FRANCISCO BAY AREA GEOPHYSICS

9380-03074

R. C. Jachens and Andrew Griscom
Branch of Geophysics
U.S. Geological Survey

345 Middlefield Road, MS 989
Menlo Park, California 

(415)329-5300
94025

and R. G. Coleman
Geology Department
Stanford University

Stanford, California 94305
(415)723-9205

Investigations

The principal goal of this project is to construct a new, three-dimensional 
tectonic model of the south San Francisco Bay area based primarily on 
interpretations of magnetic and gravity field data supported by geologic, 
petrologic and other geophysical information. During FY91 the following 
investigations were conducted:

1) Contracted for a ty,w 'Detailed fteromagnetic Survey

In order to improve the resolution of magnetic data in the bay area, a new 
survey (fig. 1) was designed and bids were solicited from private 
contractors. This new survey complements a high-resolution aero- 
magnetic survey of a transect across the Coast Ranges from the Santa Cruz 
Mountains to the Great Valley. The former Survey, completed in 1989 as 
part of the National Geologic Mapping Program, revealed spectacular 
details about the distribution of magnetic rocks in the subsurface beneath 
the southern San Francisco Bay area (fig. 2). Highly magnetic serpentinite 
bodies, which account for most of the magnetic anomalies northeast of the 
San Andreas fault, occupy many fault zones or are truncated by faults and 
thus serve as good indicators of both the locations and attitudes of faults 
that bound major crustal blocks. A regional compilation of lower- 
resolution aeromagnetic surveys north of the area shown in figure 2 (see 
item 2 below) indicates that other important faults (Hayward fault, 
northern Calaveras fault, Rogers Creek fault, etc.) also are delineated by 
aeromagnetic anomalies, but these surveys ar^ too coarse to provide much 
information about the fault characteristics.
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122" 00' 121* GO

38* 00 38* 00'

3/ CO

122" 00' 121* OC

Figure 1. Index map of San Francisco Bay area and vicinity showing high- 
resolution aeromagnetic survey coverage. Existing surveys: 
l~San Francisco; 2-Menlo Park/Palo Alto; 3~San Jose South. 
New Survey is being flown as of 11/91. Symbols: CF--Calaveras 
fault; HF--Hayward fault; RCF--Rogers Creek fault; SAF-San 
Andreas fault; SGF-San Gregorio fault.
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2) Compiled and Composited 'Eating VtyjionaC fteromagnetic 'Data

Aeromagnetic coverage of the San Francisco Bay area and vicinity consists 
of a patchwork of small surveys flown at various flight heights and with 
different flight specifications. An effort was begun to construct a single 
aeromagnetic map suitable for defining the regional tectonic setting of the 
bay area by analytically continuing the individual surveys to a common 
height 300 m above the ground surface and then merging the individual 
surveys into one coherent map.

3) Cottected and CompUed gravity 'Data

Gravity data were collected in order to fill gaps in the regional coverage 
and to provide detailed profiles across active faults. Updating of the 
regional gravity compilation covering the San Francisco Bay area and 
vicinity was begun.

4) ModeCed Potential fieCd 'Data ftiong Profiles

Gravity and magnetic data were modeled along profiles crossing major 
faults and structures in the bay area with the aim of eventually 
constructing a quantitative three-dimensional structural and tectonic 
model of the mid- to upper crust. Initial efforts focussed mainly in the 
Santa Cruz Mountains and adjacent Santa Clara Valley near the epicenter 
of the Loma Prieta earthquake; additional profiles crossing the Madrone 
Springs, Calaveras, and Silver Creek faults also were modeled.

5) Mapped Serpentinite 'Bodies in the South 'Bay Area

Our mapping effort emphasizes establishing the structural configuration 
of serpentinite bodies related to present-day faults in the area. Petrological 
studies of the serpentine are used to establish its mantle protolith as well as 
to relate serpentinization to tectonic history. Physical and chemical 
properties of the serpentine are measured for later application to 
geophysical modeling.

Results

1) A contract for the new aeromagnetic survey of the eastern bay area was 
awarded in September 1991, and flying began in late October, 1991. The new 
high-resolution survey (530 m linespacing, 300 m terrain clearance over 
populated areas and less over remote areas), when combined with 
adjoining high resolution surveys, will provide detailed aeromagnetic 
coverage of the bay area and vicinity from Santa Cruz on the south to San 
Pablo Bay on the north (fig. 1). The detailed coverage will extend far enough 
north to include the seismic reflection profile recently established through 
San Pablo Bay and up the Sacramento River toward Sacramento.
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2) An "equivalent" 300 m draped aeromagnetic map was completed for most 
of the area between 36° 45' and 38° 30' N. and from the coastline to the 
foothills of the Sierra Nevada. Gaps exist where only widely spaced data 
are available. The map represents a composite of nine separate surveys.

The regional aeromagnetic map is dominated by anomalies from the 
ophiolite inferred to form the basement of the Great Valley, the Coast Range 
ophiolite, and various slivers of dismembered ophiolites embedded in the 
Franciscan terranes northeast of the San Alndreas and Pilarcitos faults. 
The sources of large anomalies southwest ojf the San Andreas fault are 
mostly concealed but are inferred to be maficlplutonic bodies (possibly part 
of an ophiolite assemblage) similar to that exposed at Logan quarry west of 
Hollister. Smaller anomalies are associated] with Cenozoic volcanic rocks 
exposed along the southern part of the Calaveras fault and in the Quien 
Sabe volcanic field and with isolated sedimentary units such as the 
Purisima Formation in the Santa Cruz Mountains and magnetic sandstone 
units within the Great Valley sequence. The inajor active faults of the San 
Andreas system (San Gregorio, San Andreas, Hayward, Rogers Creek, and 
Calaveras faults) impart a northwest to njorth-northwest grain to the 
magnetic map by truncating magnetic bodies and by enclosing highly 
magnetic serpentinite masses within their fault zones. The magnetic map 
also displays a strong, more westerly grain (N. 50°-60° W.) in the region 
between the San Andreas fault and the Calayeras-Hayward-Rogers Creek 
faults that probably reflects earlier faulting.

Comparison of the magnetic map with the distribution of epicenters in the 
bay area helps to explain some unusual patterns. Coherent patterns of 
epicenters that are not obviously associated with known faults or structures 
occur in the southern San Francisco Bay area near the junction of the San 
Andreas and Calaveras faults. Although ndt correlated with features in 
the exposed geology, the alignments do correspond with magnetic 
anomalies suggesting that concealed structures are influencing the 
release of seismic energy.

3) A new compilation of isostatic residual gravity for the bay area revealed 
critical gaps in the coverage over remote areas and near some of the major 
faults. About 130 new gravity stations were added to the data base, 
primarily along profiles crossing the San Andreas fault near Loma Prieta 
and the Calaveras-Madrone Springs faults near the southern Santa Clara 
Valley.

4) The main modeling effort during FY91 concentrated on interpreting 
magnetic data along profiles through the Santa Cruz Mountains and 
adjacent Santa Clara Valley, in preparation^ for a paper on the regional 
structure and tectonic setting of the Loma Prieta earthquake. Profile D-D 1 
(fig. 2), for example, uses data taken from the 1989 high-resolution 
aeromagnetic survey; it strikes approximately northeast across the 
Zayante, Aldercroft, Berrocal, and Shannoi} faults. Magnetic anomalies
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along this profile (fig. 3) are caused by deep gabbro(?) basement southwest of 
the San Andreas fault, by an ophiolite on the immediate northeast side of 
the San Andreas fault, and by other serpentinite masses farther to the 
northeast along the profile. A syncline of Purisima Formation, a Pliocene 
sandstone, produces an anomaly of about 100 nT near the Zayante fault. Of 
considerable importance are the low dips calculated for the Aldercroft (55°) 
and Berrocal (35°) faults. Similar models along strike yield similar low 
southwest dips for this set of faults that bound the east side of a 50-km long 
block of rocks adjacent to the San Andreas fault, and approximately 
centered on the latitude of the mainshock of the Loma Prieta earthquake. 
This set of thrust faults may be associated with many of the relatively 
shallow aftershocks that are located northeast of the San Andreas fault.

5) The serpentines are derived mainly from harzburgites and dunites 
related to the Great Valley Ophiolite of Upper Jurassic age, and contain 
relict textures indicating derivation from depleted oceanic mantle. 
Serpentinization was initiated in an oceanic environment but was 
completed during tectonic movements after accretion to the continent. 
Current modeling of aeromagnetic profiles combined with structural 
studies shows that the serpentines of Yerba Buena Hill, Santa Clara 
County, are probably thin sheets no more than 500-1000 m thick. 
Overthrusting of these serpentine sheets upon Santa Clara gravels of 
Pliocene-Pleistocene age can be seen on the west side; on the east side they 
are offset by strike-slip faulting along the Silver Creek fault.

Reports

Coleman, R.G., 1991, Serpentines of Santa Clara Valley (abs.): Geological 
Society of America Abstracts with Programs, v. 23, p. 17.

Coleman, R.G., and Jove, Carlos, 1991, Geological origin of serpentines: 
Proceedings of the Serpentine Ecology Conference, June 1991, 
University of California, Davis (In press).

Griscom, Andrew, and Jachens, R.C., 1991, Tectonic transect of the 
California Coast Ranges based on a new magnetic map (abs.): 
Geological Society of America Abstracts with Programs, v. 23, p. 31.
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Absolute Dating of Prehistoric Earthquakes 
by Tree-Ring Analysis in California

EAR90-04350 (jointly with NSF)

Gordon C. Jacoby and Brendan Buckley
Tree-Ring Laboratory 

Lamont-Doherty Geol. Obs. 
Palisades, New York 10964

(914) 359 2900 
Introduction:

We have definitively found evidence of 1906 earthquake 
disturbance in coast redwood trees at two locations in northern 
California and there is evidence of disturbance by the 1906 
earthquake in a Douglas fir centrally located in our study area. We 
have also found evidence of movement by the 1906 and more than 
one previous event on an offset creek near the central part of our 
primary study area. Sections from stumps near the offset creek show 
disturbance in the ring sequences other than fire-related damage. 
We were better able to identify the fault trace in part of the field 
area because of some recent logging and obtained more samples from 
along the fault than on earlier collections. We have crossdated root 
portions from five different trees submerged at Mad River Slough 
near the Mendocino Triple Junction at the southern end of the 
Cascadia Subduction zone. Although it took a few years for all of the 
trees to completely die, the situation indicates that one event, 
probably a submergence, caused the death of all trees and root 
systems. Radiocarbon dates place the death of the trees in the same 
range as other submergence dates to the north in Washington 
produced by Atwater, Stuiver and Yamaguchi.

San Andreas Fault (north of San Francisco)
Previously we collected and processed sections and tree-core 

samples inland from the general area of the fault and from the fault 
zone itself in order to develop a regional chronology for crossdating 
disturbed trees and to date times of disturbance respectively. Due to 
lack of funding there was no progress made in calendar 1990. With 
the renewal support we were able to continue the research. Although 
we had made considerable progress with the earlier samples, it was 
necessary to obtain more for a control/dating chronology near the 
study area and for more fault-zone samples. Due to the recent 
logging in one area we were better able to discern the fault zone, sag 
ponds, in echelon declivities, and to get samples from trees at 
strategic locations where fault rupture was likely to have disturbed

315



II

the trees. At the offset creek we mapped the drainage displacement 
and collected several more sections from strategically placed stumps. 
The drainage was offset approximately three times the estimated 
displacement for this area due to the 1906 earthquake. Several 
stumps were at the edge of the offset or within a graben-like zone 
extending from the ends of the offset along the fault trace. These 
were sampled and are being processed. First appraisal reveals 
substantial disturbances in the tree rings but, partly for that reason, 
the dating will be difficult. These are the most promising specimens 
we have obtained thus far. We discovered some abandoned logs on a 
hillside a few miles away and these are very promising for adding to 
and extending the regional or control chronology.

To study analogs for and dating of known response of coastal 
redwoods to earthquakes we obtained core samples from Plantation 
near the study area, from along the San Andreas fault near 
Watsonville and from Grizzly Flats, a USGS trenching site also in the 
Watsonville region. There are clear effects of the 1906 event at the 
Plantation and the Watsonville sites. The only core from a tree of 
considerable age on the fault at Grizzly Flat shows a clear response to 
trauma by greatly decreased growth but we do not have sufficient 
samples from this site to date the event. These analogs help define 
the type of signal that occurs in the coast redwood tree-ring record 
in response to earthquakes.

Cascadia Subduction Zone
Upon obtaining much better samples from the Mad River 

Slough locality through the cooperation of B. Atwater and G. Carver, 
we were able to definitively crossdate the root segments (The trees 
and stumps are decayed away.) of five trees. The tree deaths took 
place over a period of possibly as long as four growing seasons. Even 
within one root segment there can be more than a year's difference 
in last cells formed at different points around the circumference. This 
is because portions of partially drowned trees can survive different 
lengths of time. Trees, with no central nervous system, can sustain 
partial life and cambial-cell division can continue if there is any 
carbohydrate and growth hormone reaching the cell division site. 
Limited subsidence in an intertidal zone places a complex and 
variable stress on trees. The roots may bfe partially aerated during 
low tides and if they are near a freshwater channel the salt effects 
may be minimized and the trees may evdn survive the subsidence
with limited damage. This phenomena of varying degrees of damage
within closely-spaced trees was observed ait Cook Inlet, Alaska. The 
few years for death to occur in the cambial layers of all the roots
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dated at Mad River Slough lead us to infer that a single event could 
have caused the eventual death of all five trees. We are working on a 
long chronology from living Sitka spruce near Mad River Slough and 
finalizing the root chronology in an effort to absolutely date the outer 
rings of the roots. High-precision radiocarbon dates for wood from 
the Mad River root sections are in process. Previous radiocarbon 
dating places the roots within the age of our adjacent chronology. 
These results will be related to the ongoing work of Atwater and 
Yamaguchi in Washington.

Acknowledgements
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Washington and he has aided in arranging for high-precision 
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Instrument Development and Quality Control 

9930-01726

E. Gray Jensen
Branch of Seismology

U.S. Geological Survey
345 Middlefield Road - Mail Stop 977

Menlo Park, California 94025
(415) 329-4729

Investigations

This project supports other projects in the Office of Earthquakes, Volcanoes and Engineering 
by designing and developing new instrumentation and iby evaluating and improving existing 
equipment in order to maintain high quality in the data acquired by the Office. Tasks undertaken 
during this period include development of a digital seisnjiic telemetry field station, construction 
of new master clocks and writing software for Seismic Gi|oup Recorders (SGR) and the new Real 
Time Processor (RTP) of the CALNET, among other things.

Results

A production prototype of digital seismic telemetry (DST) field station was built and field 
tested. The field station amplifies and filters three seismic channels and then digitizes them with 
a 16-bit analog-to-digital converter. The samples are transmitted serially at 9600 baud in real- 
time. The unit was tested using two transmission methods. The first used a special, 
commercially built radio transmitter and receiver capable of sending 9600 baud data. The other 
method tested used the FAX modem built into the field station transmitting via a microwave 
channel. Both methods were successful in sending noise free data. These tests demonstrated the 
soundness of the overall field station design and of data transmission by FAX modem. This now 
gives us the ability to deploy digital stations using our conventional microwave and VHP radio 
links for telemetry. Twenty production model field stations are now being constructed. 
Successful tests were also been performed on a sixteen station serial data receiver board which 
will funnel the data received at a central site to a PC.

Four of the new precision electronic clocks, Master Clock III, were built and put into 
service. Their operation in the field has been quite successful. A new version of the program 
which runs on a laptop computer and is used by field operators to program SGR's was written. 
The new version is much simpler to use and speeds up the SGR programming operation.

PC-AT software was written which reads seismic data from a Tustin A/D converter and 
time information from a parallel interface and sends the data to transputers in another PC over 
a high speed serial link. This is seismic data acquisition part of the new RTP system Rex Alien 
has been developing. Once this software was put into Operation, problems were discovered in 
the transputer code. Unfortunately, Rex Alien retired at the end of September. Fred Fischer will 
be taking up the challenge of making the new RTP operational.
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Abstract

From the analysis of local earthquake coda waves recorded by Wood-Anderson 
(1940-1947) and Benioff (after 1947) short-period vertical seismographs at station Mt. 
Hamilton, California, we found a large and systematic temporal variation in coda Q' 1 in 
northern California during the 50-year period from 1940-1990.

Maximum likelihood estimates of b-value are determined for earthquakes with 
magnitude M>3.0, M>3.5, and 3.0<M<4.0 and occurred in the area within 120 km around 
Mt. Hamilton (corresponding to the area where coda Q' 1 is determined). Comparison of 
coda Q' 1 and b-value led to a result that coda Q' 1 correlates NEGATIVELY with b-value, 
determined from earthquakes with magnitude 3.0<M<4.0, with the correlation coefficient 
of 0.76. The significance of correlative cannot be rejected at the confidence level of 0.966. 
There is no significant correlation between coda Q" 1 and b-value determined using 
earthquakes M>3.0 and M>3.5. These observations can be explained by the creep model 
proposed by Jin and Aki (1989) provided that the characteristic crack size of northern 
California corresponds to earthquake magnitude of 4.0 which is larger than that of southern 
California (~3.0). Further studies on earthquake scaling are needed to confirm the 
existence and scale length of such a characteristic size in northern California.

Data.

About 650 earthquakes with magnitude 2.5-3.2 occurred during 1940-1990 within 
60 km from MHC are selected for coda analysis. Their epicenters are shown in Fig. 1 by 
small solid circles. Solid triangles in Fig. 1 represent the seismic stations operating by 
U.C. Berkeley.

Wood-Anderson (T0=1.0s) seismograms (1940-1947) and Benioff (T0=1.0s, 
Tg=0.2s) seismograms (after 1947) at Mt. Hamilton (MHC in Fig. 1) are used for coda 
analysis. A comparison between the results obtained using Wood-Anderson and Benioff

seismograms for 20 earthquakes showed that the difference between po values determined 
from two different seismograms is negligibly small compared to the magnitude of the

variation in po
The larger circle in Fig. 1 indicates the area sampled by coda waves (as singly- 

scattered S waves) in this study. The b-value was also estimated from earthquakes within 
the larger circle.

Method.

For a seismogram of a local earthquake recorded by a seismograph with relatively 
narrow frequency response (such as Wood-Anderson and Benioff short-period 
seismograph), the coda amplitude at lapse time t, A (t) can be expressed as
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A (t) = Ar (f)-a exp [p- (t-tr)]
tr

where tr is a reference time selected to be at least twipe the arrival time of direct S wave 
and Ar is peak-to-peak amplitude at tr. a is the geometrical spreading factor and p is 
related to Q" 1 by the relation of p=7t f Q' 1 .

For each seismogram, we select the portion of coda waves from twice the S-wave 
travel time to about 80s, which corresponds to the farthest scatterers located at about 120 
km from the station assuming that coda waves are S to S back scattered waves. We then 
choose about 10 wave groups with duration T of 3-4s. distributed at equal interval over the 
selected portion of the seismogram. For each wave gr0up, we measure the peak-to-peak 
amplitudes and compute the average within the duration T as A (t), where t is the midpoint 
of the arrival time of the wave group measured from the earthquake origin time. The 
average frequency f =N/2T, where N is the number of extrema in the time interval T.

Correlation between p 0 and b- value.

We calculated means of oco and po (designated as oc0 and p0 » respectively) over 1 1 
consecutive earthquakes with 5 overlapped by neighboring points and estimated the 
standard error of the mean.

Figure 2 gives oc0 and p0 plotted against the midpoint of the occurrence times of the 
earthquakes used for their evaluation. The average predominant frequency and the time 
window are shown at the right top corner of Figure 2. The corresponding Q' 1 are 
calculated by p=?c

A continuous catalog of earthquakes in northern California since 1910 is available at 
U.C. Berkeley. The detection was considered to be complete for M>3.0, except the early 
year (1910-1940) and during intense aftershock sequences and swarms while a few small 
earthquakes were missed (Bolt and Miller, 1975).

We selected earthquakes located within 120 km from MHC, and executed 
aftershocks which occurred within 1 year from a main shock. The b- value was then 
calculated by the use of the Utsu-Aki formula:

b= lo
(M-Mo)

where M is the average magnitude of a group of earthquakes with M>Mo. We estimated b 
for (a) Mo=3.0; (2) Mo=3.5; and (3) M0=3.0 and clipped the earthquakes with magnitude 
larger than 4.0. For case (1), M is the average magnitude over 100 consecutive 
earthquakes with 50 overlapped by neighbors; for case; (2), M is that over 60 consecutive
earthquakes with 30 overlapped by neighbors; and for case (3), M is that over 80
consecutive earthquakes with 40 overlapped by neighpors. Figure 3 gives the b-value 
versus midtime for above three cases.

After finding the values of time series at equal intervals for both b-value and coda 
Q' 1 using the 3-point Lagrangian interpolation, we calculated the temporal correlation

coefficients between the coda Q' 1 and b-value with no time lag. We found that po
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correlates negatively with b-value, for case (3) with the correlation coefficient of 0.76. 
The significance of correlative cannot be rejected at the probability of 96.6%. There is no

significant correlation between p0 and b determined for M>3.0 nor M>3.5..

As shown in Figure 4 cross-correlation function with time lag between b 

determined for 3.0<M<4.0 and p0 demonstrates that the strongest correlation occurs at zero 

time lag. Figure 5 gives the relatoin between p0 and b determined for 3.0<M<4.0.

Creep Model.

Jin and Aki (1989) proposed the creep model as shown schemarically in Figure 6. 
They assume that aseismic creep activities tend to increase the crack density and coda Q" 1 in 
a seismic region. If the creep fracture occurs with a certain predominant crack size, the 
spatial stress concentration may enhance seismicity only for earthquakes with the size 
comparable to the crack size. If this characteristic magnitude MC is in the lower part of the 
magnitude range for which the b-value is estimated, the enhanced seismicity at Mc will 
show the increase in b. On the other hand, if Mc is in the upper part of the magnitude 
range, it will decrease b. In the case of southern California, the critical magnitude, Mc , is 
about 3. In fact, the scale length corresponding to the so-called source fmax of large 
earthquakes, the constant corner frequency for small earthquakes, and the minimum 
magnitude (Aki, 1987) suggest that the characteristic magnitude for southern California is 
about 3. The result here provides that the characteristic crack size of northern California 
may be M=4.0. Further studies on earthquake scaling law are needed to confirm the 
existence and scale length of such a characteristic size in northern California.

References.
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This grant supports the operation of a fiber-optic anchoring experiment on the Coachella 
segment of the San Andreas Fault specifically, on the western flank of Durmid Hill, near the 
termination of the San Andreas Fault and its junction with the Brawley Seismic Zone. The 
experiment involves measuring the differential vertical motion of four points in the ground 
from depths of 1.65 m to 48 m. The goal of this project is to measure and understand the sta­ 
bility of the near-surface material in the region to determine if it is stable enough to support 
precise measurements of strain and tilt Efforts at Pifton Flat Observatory (PFO) have shown 
that, in the period range of months to minutes, observatory-based instruments can resolve sig­ 
nals up to one thousand times smaller than geodetic surveying techniques can; and that, if such 
instruments are adequately anchored to depth, they can also accurately record the secular accu­ 
mulation of deformation. The goal of this project is to determine how (if at all) such anchor­ 
ing can be done in the soft sedimentary material of the Coachella Valley. This area, along the 
eastern shore of the Salton Sea has been identified as one of the more likely initiation points 
for a great earthquake during our lifetime.

Construction at the field site MEK1 began in September, 1990, after preparation of the 
optical-fiber sensors in our lab, and after the hot summer weather of the Imperial/Coachella 
Valley. By using lengths of optical fiber for the interferometric path-length measurement, as 
opposed to tensioned wires or laser interferometry in evacuated pipes, it is possible to make 
many differential measurements in the same borehole rather easily, with high precision and low 
cost The installation went fairly well considering the novelty to us of drilling in such gooey 
material (i.e., we were lucky), and data recording began on December 13. Tables 1 and 2 list 
the measurements being made, and specifies the sensitivity of the various channels.

We have already found several results from these measurements. The most important 
fact for us is that the sum of the three short-interval fiber measurements (SHAL, MIDL, and 
DEEP) generally track the single fiber measurement over the whole interval (LONG) quite well: 
this consistency shows that all the sensors are operating as planned. We can also see signals 
of some geophysical import on several of the fibers, most clearly on the longest one: vertical 
strain changes caused by air-pressure loading and the solid-earth tides. We have determined 
the response to these using the pressure record at the site and the nearest earth-tide strain 
records we have (at PFO, 65 km away), with results given in Table 3. Results from vertical 
anchoring at PFO are also included for comparison.

1 The site was identified MEK after Merlin E. Kesel, on whose property it is located, and whose family 
has been extremely helpful in maintaining the site.
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Table 1 
MEK Displacement/Fiber Sensors

II

Table 2 
MEK Temperature and Pressure Sensors

Name

MEKLVDT*
MEK SHAL 
MEKMIDL 
MEK DEEP
MEK LONG

Fiber Depths (m) 
Shall* Deep*

1.65
5.11 
7.90 

22.90
5.11

5.11
7.90 

22.90 
47.82
47.82

Length 
(m)

3.46
2.79 

15.00 
24.92
42.71

Sensitivity* 
(per count)

720 nE 1
-24.4 n£ 2 
-4.55 n£ 2 
-2.74 n£ 2
-1.60 n£ 2

* - Fiber depth refers to depths below the nominal ground surface 
for shallow and deep arms of each Michdson interferometer. 

f - Sensitivity given in strain.
# - Invar-rod measurement.
1 - For displacement, the sensitivity is: count = 208 nm
2 - For displacement, the sensitivity is: count = -68.2 nm

Name

MEK AIR 
MEKINST 
MEK1M 
MEK3M
MEK9M
MEK20M
MEKBARO

Depth (m)* 
BVF ABS

1.02 2.67 
3.00 4.65
8.99 10.64

19.91 21.56
--

Sensitivity 
(per count)

0.02 "C 1 
0.02 "C 1 
0.02 "C 1 
0.02 "C 1
0.244 m°C
0.244 m°C
8.27 Pa

* - BVF: distance Below Vault Floor;
ABS: absolute depth from the ground surface. 

1 - Complete equation is T - 0.02°C/count + 20°C.

Table 3 
Estimates of Ground Elastic Moduli

Where/What
MEK 

APR@d«y 
APR® week

Nominal Rock
PFO

APR@d*y 
APR@weck

-6z/eA

0.61

0.333
0.10

V

0.38

0.25
0.09

-DZ/P

8.8 nm/Pa 
7.1 nm/Pa

~

2.8 nm/Pa 
1.6 nm/Pa

-P/ez

4.9 GPa 
6.0 GPa
 

8.6 GPa 
15. GPa

E

1.6 GPa 
2.0 GPa

15. GPa
2.3 GPa 
7.5 GPa 

13. GPa

APR - Air Pressure Response estimates at different periods.
EZ - Obs. vertical strain; eA - Obs. area! strain (but at PFO, not MEK);
v - Estimated Poisson's ratio. £>z - Obs. vertical displacement; P - Obs. air pressure;
E - Estimated Young's modulus from air pressure and from rainfall loading.

As the table shows, we estimate -6.0 GPa for the long-period ratio of air-pressure to 
strain over the 43-m long depth interval, which amounts to only 40% of the modulus seen for 
the granitic materials at our base site PFO.2 The apparently exaggerated response of the ground 
at MEK to (estimated) area! earth-tides gives a Poisson's ratio for the "rock" at MEK of 
0.38 quite high, leaning toward fluid-like behavior. We can combine these results to obtain 
Young's modulus, which we find to be one-seventh ojf that deduced for PFO. This result 
matches the relative weakness of the material at MEK. Once the air pressure signal is 
removed from the fiber signals, the residual strain from all four depth intervals is quite smooth.

All measurements remained stable varying less ttjan 250 um throughout the spring of 
1991, but began to show increasingly large displacements beginning in early August (though 
the scale of Figure 1 makes it hard to see, the SHAL sensor began to drift rapidly by day 
1991:217). In searching for a possible source of these signals, we became aware that Mr. 
Kesel had been heavily drip-irrigating a row of palm trees about 10 meters north of our site.

2 Air pressure loading of the ground depends on its permeability, md so is frequency dependent; all es­ 
timates give an upper bound on the ground's true modulus. At higher frequencies, yet another measurable 
load (though just barely) is provided by the trains on die nearby track, another indication of the sensitivity 
of measurement.
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This had been done up until 1991:226 when the water was turned off because the "ground had 
become saturated."3 The water was turned on again on 1991:236, until, at our request, the irri­ 
gation was turned off a second time on day 1991:247. (Mr. Kesel has expressed his willing­ 
ness to leave it off for the indefinite future.) Figure 1 shows the dramatic response of the 
ground at the site. Note that all the data shown are interval measurements; these show that the 
interval between 5 and 8 m lengthened by a total of -4.5 mm in two episodes, correlated with, 
but lagging the application of water at the ground surface. The top interval also changed its 
length, but by a much smaller amount and in the opposite sense; the signal is also visible on 
the Middle interval (though only barely at the resolution of Figure 1). We suspect that the rea­ 
son for this behavior is that the orientation and dip of the local strata are such as to conduct 
water from the palm orchard to a depth of 5-6 m at the location of our measurements.

Two aspects of this incidental signal deserve comment. One is that it is very large com­ 
pared to the resolution of the techniques we are using (something interferometers handle partic­ 
ularly well), yet barely above the noise level of even the most precise geodetic techniques. 
This leads us to wonder how many other apparent tectonic signals have been caused by this 
kind of local motion. The second point is that the source of the signal is deep: a geodetic 
marker anchored to a few meters would usually be thought to be immune to this kind of prob­ 
lem, but this clearly would not have been the case here. Prolonged rainstorms should be 
expected to lead to large monument motions in this area.

3 Saturating the ground there is not that hard to do, the clayey material in this section of the Coachella 
Valley is generally impervious to water; plants tend to grow only where the soil has been cultivated to ac­ 
cept moisture, such has been done around the base of the palm trees.
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Investigations

This research is designed to describe and interpret the stratigraphy, sedimentology, 
petrology, and age of Cenozoic units within and bounding the Puget Lowland seismic zone 
(Figure 1), with the goal of reconstructing the Cenozoic paleogeography of the region. 
Questions posed include the following: What sedimentary basins formed, what was their 
geometry, what were the tectonic controls on their origins, and at what rates did they 
subside? What is the petrology of Cenozoic sediments and in what environments were they 
deposited? How deeply were sediments buried as determined by thermal maturity and 
diagenetic studies? Where, when and how were Cenozoic strata deformed?

When these data are collected and analyzed, other important questions can be 
posed. Are there offsets of mismatched sedimentary facies, petrofacies, or burial-history 
trends across the Puget Lowland seismic zone that indicate significant lateral offset or 
horizontal shortening? If so, what units or features can be used as piercing points or 
markers in constraining amounts, rates, and timing of offset? Is there evidence for large 
throughgoing fault systems that have displaced units and(or) influenced depositional 
patterns? Are offsets distributed across wide zones? Do identified structures coincide with 
known zones of recent seismicity? If not, should identified structures be considered zones 
of potential seismicity?

Project investigations began during FY91 and consisted largely of collecting field 
and borehole core data from Eocene sedimentary rocks. Surface outcrops of Eocene strata 
were examined in reconnaissance throughout the Puget Lowland seismic zone; detailed 
stratigraphic and sedimentologic studies were undertaken at Tiger Mountain, in the Morton 
anticline area, and in the Centralia coal mine (Figure 1). Four nearly complete borehole 
cores (WC-83-5, WC-83-6, WC-83-14, WC-83-17; Figure 1) belonging to the 
Weyerhaeuser Corporation were described in detail. Two other Weyerhaeuser cores (WK- 
110-OB and WK-42-OB) and core from the Standard Oil Company Alderwood #1 were 
also sampled. Cumulatively, stratigraphic sections totalling more than 2,000 m were 
measured and sampled.

Data collected during this initial field season are now being compiled and analyzed. 
Sedimentologic data are being plotted on vertical profiles that will be used to document and 
reconstruct depositional environments and systems. Petrologic data are needed to provide 
constraints on paleogeography and sediment dispersal patterns. To that end, thin sections 
of 63 samples have been prepared and will be analyzed petrographically, and 11 samples 
have been given to a colleague for analysis of heavy mineral content. The geochronologic 
framework needed to place these sedimentologic data in their temporal context will be 
provided by isotopic dates, tephra-correlation studies, and paleontologic investigations. 
Fifteen samples of volcanic tuffs and shallow intrusions have been submitted for mineral
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Quaternary sediments and volcanic rocks 

| [ Post-Eocene rocks 

|y-V-:V-:l Eocene sedimentary rocks 

K»"» VJ Middle and late Eocene continental volcanic rocks "~~~

 V^l Early and middle Eocene marine volcanic rocks 

-Eocene rocks

Gravity lows (In milligals) 

> Probable fault

Figure 1. Schematic geologic map of the Puget Lowland seismic zone, showing locations 
of concentrated FY91 field work (TM, MA, CM) and borehole cores described and 
sampled (for example, WC-83-14). Probable faults include structures G, H, I, J, K, andL 
of Gower and Yount (1985), the Saint Helens seismic zone (SHZ) of Weaver and Smith 
(1983), and an inferred structure on the northern margin of the Chehalis sub-basin (CBS). 
Other abbreviations as follows: B, Bremerton; CM, Cer tralia Mine; MA, Morton anticline 
area; MR, Mount Rainier; MSH, Mount Saint Helens; (), Olympia; S, Seattle; T, Tacoma; 
TM, Tiger Mountain. Gravity data from Bonini and otiers (1974).
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separations and will ultimately be dated using the AT-AT or fission-track method. Twenty 
four samples of volcanic tuffs have been submitted to Paul Hammond of Portland State 
University who is conducting a regional tephra-correlation study using XRF and INAA 
geochemical analyses provided by the USGS. Twenty seven samples were submitted to 
micropaleontologists for identification and biostratigraphic/paleoecologic analysis of 
foraminifera and ostracodes. Finally, the burial and thermal histories of these strata are 
being examined by vitrinite reflectance analysis (24 samples submitted) and organic 
geochemical analysis (six samples submitted). Data from these different analyses will be 
integrated to develop paleogeographic models that constrain tectonic evolution.

Results

Preliminary results from the surface sections or cores described in detail are 
summarized below:

1. Tiger Mountain-Black diamond area: Surface outcrops and borehole core from WC-83- 
14 andWC-83-17(Figure 1),

Field work at Tiger Mountain focussed on the Middle Eocene Raging River 
Formation, the oldest (early Narizian) exposed Cenozoic sedimentary unit in the central and 
southern Puget Lowland. The unit may be as thick as 1000 m and consists (in ascending 
order) of four main facies: (1) massive coarse breccia of inferred alluvial-fan origin; (2) 
parallel- and cross-stratified conglomerate and conglomeratic sandstone of inferred braided 
fluvial origin; (3) bioturbated sandstones and mudstones of inferred shallow-marine origin; 
(4) massive and laminated mudstones of inferred deep-marine (bathyal, based on 
foraminifera) origin. The upper two facies and the contact with deltaic deposits at the base 
of the overlying Tiger Mountain area were penetrated in borehole WC-83-14, from which 
470 m of continuous core were described. The unit therefore records a major, previously 
unrecognized early Tertiary transgressive event in the Puget Lowland. Additionally, 475 m 
of the Puget Group were described and sampled in detail from borehole WC-83-17. These 
strata are entirely nonmarine and record regression and basin-filling. Ongoing work will 
describe the petrology of these units and constrain their ages, refine sedimentologic 
interpretations, and demonstrate their paleogeographic and paleotectonic significance.

2. Morton anticline area and borehole core from WC-83-5 and WC-83-6 (Figure 1).

Work in the Morton anticline area concentrated on measuring and describing 
exposures of the Puget Group that underlie volcanic rocks of the Northcraft Formation. 
Four stratigraphic sections were measured and sampled in detail: (1) 451 m of continuous 
core from borehole WC-83-5; (2) 264 m of continuous core from borehole WC-83-6; (3) ~ 
100 m of section in the Snow Creek drainage; (4) ~ 400 m of section at Bergen Mountain. 
Collectively, the sections are characterized by thick, alternating intervals of nonmarine and 
less common marine strata. Ongoing work will test the hypothesis that the marine intervals 
represent regional transgressive events that can be broadly correlated. Analysis of DOE 
seismic data through the Morton area may assist in developing a regional sequence- 
stratigraphic framework.

The Morton area is located near the inferred northern termination of the right-lateral 
St. Helens seismic zone (SHZ; Figure 1) defined by Weaver and Smith (1983). This 
structure coincides with a major crustal boundary between Eocene basaltic basement to the 
west and pre-Tertiary continental basement to the east, and probably has been an important 
tectonic element throughout the Cenozoic. The zone apparently does not offset volcanic 
rocks of the late Middle Eocene Northcraft Formation (Figure 1), suggesting that offset
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may have been transferred to adjacent fault zones. Hypotheses to be tested include the 
following: (1) The SHZ bends abruptly to the west into a compressional structure (a 
restraining bend) that defines the northern boundary of the Chehalis sub-basin. (2) Offset 
on the SHZ is transferred ~10 km to the east onto a structure that extends up the axis of the 
Tilton River valley north of Morton. Preliminary strattgraphic analysis suggests vertical 
offset of more than 1,000 m across this valley, and strata on both flanks of the valley are 
anomalously tightly folded and complexly deformed. (3) Displacement on the SHZ is 
transformed to the north into distributed shear in the Puget Lowland along with some zones 
(for example, 1 and 2 above) of more concentrated deformation.

3. Centralia coal mine. (Figure 1)

A detailed ~180 m thick section of the Skookutnchuck Formation was measured 
that contains one thick (~60 m) marine interval overlain and underlain by nonmarine rocks, 
including thick coals. Ongoing work will test the hypotheses that these thick marine 
intervals and their associated surfaces of transgression can be used as regional time lines 
that can be recognized in outcrops, from well logs, and on seismic lines. Ongoing 
perrologic and geochronologic studies will further constrain the paleogeographic and 
paleotectonic significance of these strata.
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Investigations Undertaken

Since mid-October 1989, the 40 three-component PANDA (Portable Array for Nu­ 
merical Data Acquisition) stations have been deployed in the central New Madrid seismic 
zone (NMSZ) in 2- to 6-km interstation spacings. More than 500 earthquakes with mag­ 
nitude ranging from -2.0 to 4.6 were recorded on-scale by PANDA during the 2 years of 
field operation. The onset of P and S arrivals can be unambiguously determined from the 
vertical component and two horizontal components, respectively, for accurate and reliable 
earthquake locations that are otherwise impossible to obtain from single-component re­ 
gional seismic network data alone. The PANDA deployment will continue at least to the 
end of February 1992.

Results Obtained

Three-component digital seismograms collected by PANDA are characterized by (1) 
very weak direct S arrivals on the vertical component, which can, however, be identified 
unambiguously from the two horizontal components, and (2) at least two prominent sec­ 
ondary arrivals between the direct P and S arrivals: one (Sp) dominant on the vertical 
component and the other (Ps) with smaller amplitude on the two horizontal components 
(Figure 1). Travel time differences between the Sp and S and between the P and Ps are 
the same from different earthquakes to the same station and are different between stations. 
Polarization analyses of three-component seismograms and travel time measurements con­ 
firm the interpretations that these two secondary arrivals are the P-to-S (Ps) and S-to-P 
(Sp) converted waves originating at the bottom of ^he sedimentary cover beneath each 
station. Therefore, travel time differences between ttye direct and the converted waves are 
used to calculate the depth to the bottom of the unconsolidated sediments beneath each 
station by assuming almost vertical raypaths for th^ direct and the converted waves. A 
three-dimensional representation of the geometry of the sedimentary basin in the upper 
Mississippi embayment is thus constructed by contouring the converting point beneath 
each PANDA station (Figure 2). The Tertiary boundary of the embayment was digitized 
and used to define the outer boundary of the sedimentary basin. In general, the geometry 
of the bottom of the sedimentary basin is very smooth except for the central portion where 
the contact between the sedimentary basin and the underlying Paleozoic sedimentary rock
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is disturbed. This disturbed area coincides with the upward extension of the southwest­ 
erly dipping fault zone (32° ~ 52° dip angle) and may represent deformation from recent 
tectonic activity underlying rift system.

The frequency content of the direct and the converted waves is different. In general, 
the direct S wave is characterized by lower frequency content on the horizontal component 
and the S-to-P converted wave is characterized by higher frequency content on the vertical 
component. Their ray paths are almost identical. Spectral ratios of the direct S and the 
S-converted P waves are calculated to study the relations between the attenuation features 
of P (Qp ) and S (Qs ) waves in the sedimentary basin. Preliminary results for PANDA 
stations with well-constrained spectral ratios give an estimation of Qp ranging from 15 
to 60 and Q 8 ranging from 15 to 30 for the sedimentary basin in the upper Mississippi 
embayment (Figure 3).

Three-dimensional velocity inversions for P and S waves are calculated independently 
to investigate velocity structures in the upper crust. Preliminary inversion results suggest 
a P-wave low-velocity zone at a depth between 2.5 and 5 km which may be associated 
with clastic sediments filling the graben beneath the Paleozoic sedimentary rock layers. 
Earthquakes were relocated by using the new velocity model after inversion. Figure 4 
shows two representative cross-sectional views of the central NMSZ, obtained from two 
data bases, one located by a regional network model (regional), and the other by a new 
velocity model obtained from velocity inversions. The linear fault zone features were 
significantly improved when the new velocity model was used.

Unlike the broad and almost vertical fault zone extending from near surface to lower 
crust by many previous studies in the NMSZ region, cross-sectional views of the new data 
clearly define a narrow inclined fault zone dipping toward the southwest with ~ 52° dip in 
the southern portion and ~ 32° dip in the northern portion of the central NMSZ (Figure 
5). Seismicity extends from beneath the sedimentary basin (~ 0.6 km) to about 15 km 
depth with a concentration between 5 to 8 km. An apparent contortion of the seismic zone 
between the northern and southern portions of the central NMSZ occurs at the intersection 
with the southwest segment around Ridgely, Tennessee. In contrast to the central NMSZ, 
the northern end of the southwest segment, the southern end of the northeast segment, and 
the northwest segment of the NMSZ are characterized by an almost vertical fault zones 
(Figure 6) that intersect with the central zone around Ridgely, Tennessee, and around New 
Madrid, Missouri, respectively. Seismicity around these intersections is the highest in the 
region.

During the 2 years of PANDA operation, seismicity shows a seasonal pattern that can 
be correlated with the fluctuation of regional water level. Such correlations may suggest 
that seasonal variations of regional hydro-induced pressure in the upper crust from water 
level changes on the surface may play an important role in the generation of earthquakes 
in the central NMSZ.
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Figure 1. Typical three-component digital seismograms recorded by the PANDA station 
in the New Madrid seismic zone.
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Figure 2. Three-dimensional representation of the geometry of the sedimentary basin in 
the upper Mississippi embayment determined from the delay time between the direct 
waves and the converted waves from the bottom of the sedimentary basin.
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Figure 4. A comparison of a cross-sectional view of seismicity in the central New Madrid 
seismic zone (K-K 1) using regional network database (upper right) and PANDA data 
(lower right).
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Figure 5. Three cross-sectional views of the northern (left) and southern portions of 
the. central New Madrid seismic zone from 2 years PANDA data showing shallow angle 
southwest dipping seismic zone. The change of dipping angles from 32° to 52° occurred 
at the intersection of the southwestern segment with the central segment.
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Investigations Undertaken
As originally proposed, the cooperative New Madrid network would consist of 40 three- 

component, digital telemetered, seismic stations to replace the current regional networks 
which consist of some 50+ short-period, low-dynamic-range, vertical-component stations. 
Two data centers, one at CERI and the other at SLU, and five regional notes will be 
established. Due to a reduced level of funding, some compromises had to be made to 
maintain something close to the current monitoring capability. While maintaining mostly 
digital stations, some of the data received at regional nodes would remain analog using 
conventional FM telemetry. These data will be digitized at the regional node sites. Greater 
dynamic range can still be achieved by employing gain-ranging techniques, using PANDA II 
type hardware. Figure 1 shows the locations of a data center located at CERI in Memphis, 
TN and a regional node at Marked Tree, Arkansas as well as a proposed regional node 
near Hayti, Mo. Concentric circles, at 40 and 100 km have been drawn to provide a rough 
estimation of the range of telemetry coverage possible with the digital and analog telemetry 
schemes. The range of the digital telemetry can be improved by increasing power and/or 
by providing towers at station sites which may require a power budget of 4-5 times greater 
than that used by current analog sites.

Progress Summary;

Progress has been made toward implementation of the cooperative New Madrid net­ 
work in three principal areas.

1) Installation and testing of the VSAT satellite telemetry system.

Very small aperture terminal (VSAT) satellite telemetry equipment has been installed 
at CERI in Memphis, TN and at Marked Tree, AR. Preliminary testing of the VSAT 
located at CERI has been completed successfully. Currently, we have been successful in 
establishing two-way communications through the Scientific Atlanta VSAT system. The 
current setup uses two ports on the same PAD for testing the USNSN facilities. Both ports 
are presently attached to a VAX 11/785 (VMS), and will be left there for the duration of
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the testing phase. Several sets of tests will be implemented soon to verify the integrity of 
the rollback system for handling data transmission problems. Once the rollback system 
has been verified, we will begin implementing the full set of USNSN protocols which will 
include downloading commands to remote field sites, making data requests to the USNSN, 
and checking out other features of the system.

After remaining problems with the VSAT telemetry system are worked out, the next
step is to begin transmitting regional seismic data via 
data centers. A PC based field data acquisition system

satellite to receive at two regional 
will be implemented and installed

at the Marked Tree node later to accomplish the data uransmitting test.

2) Installation and testing of PC based digital data acquisition systems.

Two digital data acquisition systems are being evaluated at CERJ and at SLU. Both 
make use of 386/486 IBM compatible PC computers and A/D-multiplexer hardware de­ 
veloped by the USGS (Lee et al., 1989; Tottingham et al., 1990). The main differences 
between the two systems are the operating system software used. Currently installed at 
CERJ is an 128-channel acquisition system based on two Compaq 386/25 CPUs running 
the MS-DOS operating system and the IASPEI software. The IASPEI software is used 
for both on-line digital data acquisition and off-line data processing. The two PCs are 
networked via LANTASTIC hardware/software. The principal drawback of the system is 
the inherently single task nature of the DOS operating system. This necessitates the use 
of two networked PCs, one for real time data acquisition, the second to read the collected 
data and perform off-line processing. It was also found that considerable care is necessary 
in the installation of the Lee's hardware to eliminate noise in the digital data caused by 
ground loops.

The second digital data acquisition system being evaluated is based on the same 
hardware configuration as the Lee's system, but makes use of the multi-tasking UNIX 
operating system. Applications software for this system has recently been developed at 
Saint Louis University by Eric Haug. Similar hardware and software will be setup at CERI 
to test and implement the application software.

3) Development of PANDA II gain-ranging, analog telemetry system.

A 5-step gain-ranging PANDA II system has been designed and is currently under­ 
going field testing at CERI. This system is an outgrowth of the current PANDA system 
(Chiu et al., 1991) with major improvements in dynamic range, telemetry topology and 
network geometry, and incresed mobility of the network and central recording facilities. 
The gain-ranging front-end system was designed to achieve at least 126 dB of dynamic 
range. The PANDA II hardware overcomes the inherent limitations of any traditional 
telemetered system while maintaining the ability to use conventional, low-cost FM teleme­ 
try components. The PANDA II hardware can be considered as an alternative for portions 
of the new network.

Reports

Haug, E.J., R.B. Hemnann, and J.M. Chiu, (1991), The cooperative New Madrid seismic 
network - Implementation of regional network nodes, Seismol. Res. Lett., 62(1), 33, 
presented at the annual SSA meeting, March 1991.
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Investigations
[1] To investigate the mechanics of failure of crustal materials using data from both 

deep borehole tensor and dilational strainmeters ai|id near surface strainmeters, 
tiltmeters, and arrays of absolute magnetometers.

[2] To develop physical models of incipient failure of the earth's crust by analysis of 
real-time records from these instruments and other available data.

Results
[1] A FOCUSED EARTHQUAKE PREDICTION EXPERIMENT ON THE 

HAYWARD FAULT: ARRAY PLANS AND EXPECTED STRAINS AND 
DISPLACEMENTS FOR RUPTURE OF THE SOUTHERN SEGMENT OF 
THE HAYWARD FAULT.
The identification of reliable short- and intermediate+term precursors to damaging 
earthquakes remains an critical challenge to the earthquake hazard reduction pro­ 
gram. To this end, a focused earthquake monitoring experiment has been planned 
for the southern segment of the Hayward fault. Instruments to be used in this 
experiment include, dilational strainmeters, tensor strainmeters, water well moni­ 
tors, creepmeters, continuous GPS displacement monitors, seismic velocity and 
acceleration transducers. The strainmeters and seismometers will be installed in 
boreholes at about a 200 m depth. At this depth, measurement precision about 20 
dB below that of surface instruments can be attained. Short-term strain changes 
less than one ppb can easily be identified. The borehole array of eight to ten sites, 
have been chosen along the segment of the Hayward fault between San Leandro 
and Milpitas with most sites at distances from 2 km to 7 km from the Hayward 
Fault. These sites are shown in Figure 1 together with a contour map showing the 
expected strain release for a worst case scenario of a magnitude 7 earthquake and 
seismicity during the past 20 years on this segment of the fault. Data will be 
transmitted using digital satellite and radio telemetry to Menlo Park, Ca. for 
analysis and display. Various other geophysical and geological data are also be 
collected during the borehole drilling program. Surface fault displacement will be 
monitored with creepmeters. An initial three creepmeters are installed within the 
City of Hayward. Continuous GPS displacement monitors are installed near near 
the north end of the array. The overall array design was influenced by the form 
and amplitude of strain and displacement fields calculated from simple dislocation 
models of various possible damaging earthquakes that might occur on either the
southern segment of the Hayward fault, or on the G 
this array is expected by the end of 1992.
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[2] SLOW EARTHQUAKES WITHIN THE SAN ANDREAS FAULT SYSTEM
Slow earthquakes (ie fault slip episodes without seismic radiation in the normal 
seismic frequency bands) are of three main types: 1) sp - Slow earthquakes that 
precede, and evolve, into "normal" earthquakes, 2) SF - Slow earthquakes that fol­ 
low "normal" earthquakes, and 3) SNS - Slow earthquakes with no associated 
seismicity. Evidence for these events has generally been indirect (eg enhanced 
tsunami generation, anomalous normal modes, earthquake code, etc) with a few 
exceptions. Quantification of these events is now possible with networks of high- 
resolution borehole strainmeters recently installed in western U.S., Japan, and Ice­ 
land. For the 16 earthquakes with ML > 5.5 that have occurred in California dur­ 
ing the past eight years with recording borehole strainmeters less than 10 rupture 
lengths away, no indication of s/> events has yet been found. SF followed the 
April 24, 1984 ML 6.1 Morgan Hill earthquake and the October 18, 1989 ML 7.1 
Loma Prieta earthquake. More than 30 SNS events have occurred. These events are 
mostly associated with fault creep episodes or occur within the Long Valley vol­ 
canic caldera. For the San Andreas fault system therefore, s/> slow earthquakes 
appear to be rare (non-existent). SF events appear to occur more frequently, par­ 
ticularly after large earthquakes, but the total moment release is minimal com­ 
pared that released seismically. Moment release for SNS events may be larger than 
that from SF events but in no case have we seen indications of events on multiple 
instruments with moments exceeding 1024 dyne-cm.

[3] LOCAL DIFFERENTIAL MAGNETIC FIELDS AT PARKFIELD, CALI­ 
FORNIA: JULY, 1985 TO JULY, 1991.
A differentially connected array of seven proton magnetometers has operated in 
the Parkfield region since 1985. Each magnetometer automatically measures total 
magnetic field intensity to an accuracy of either 0.25 nT or 0.125 nT every 10 
minutes. The data are telemetered to Menlo Park, California for on-line process­ 
ing and analysis to identify tectonomagnetic anomalies related to crustal deforma- 
tional and/or earthquake processes. During this six year period only three unusual 
events with marginal amplitudes are observed; 1) from March 1987 to July 1987 
a 0.7 nT magnetic field intensity decrease and subsequent increase back to normal 
is observed at magnetometer TFLM, 2) a 0.6 nT decrease is observed at magne­ 
tometer TFLM from the beginning of 1991 to the present, and 3) from about 
1989 to the present a rate change of +0.5 nT/a is observed at magnetometer 
AGDM. The most significant systematic rate increase in seismic moment release 
in the Parkfield region occurred during the past year while two of the three mag­ 
netic events have occurred on two independent magnetometers. However, no 
seismic events with ML >3.1 have occurred. While there are suggestions of 
changes during mid-1987 and mid-1991 in the 2-color laser geodimeter line that 
monitors horizontal ground displacement near TFLM, these changes are either 
marginal or complicated by meteorologic effects. | Changes in long-term creep 
rate are unremarkable during this time period. An exception is a change in creep 
rate at a single creepmeter during mid-1991, which is complicated by meteorolo­ 
gic effects. A model of differential fault slip with little stress and strain redistri­ 
bution until 1990, but perhaps increasing since then, would best describe these 
various data at this time.

[4] EARTH STRAIN NOISE FROM DEEP BOREHOLES NEAR THE SAN 
ANDREAS FAULT SYSTEM FROM O.Q1 SECONDS TO 100 
MEGASECONDS ,
Records from an array of borehole strainmeters along the San Andreas fault sys­ 
tem are used to determine comparative ground noise over ten decades of fre­ 
quency (100 to 10~8 Hz) in a variety of locations. In particular, we search for 
differences in response between instruments in 1) fault locked and fault creeping
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sites, 2) near-fault and far-fault sites, and 3) near-fault sites and sites in a volcani- 
caly active region. Also, we make an initial identification of strain noise attenua­ 
tion with depth. The eight borehole instruments used are all installed at approxi­ 
mately 200 m depth. Contary to some expectations, the general characteristics of 
power spectral density estimates obtained at all sites are similar. With the excep­ 
tion of about 10 dB microseismic noise peaks and 30 to 40 dB peaks at earth 
tidal frequencies, the spectra decrease from about -80 dB at a frequency of 1(T8 
Hz (100 megaseconds) to about -220 dB at a frequency of 10 Hz (0.1 seconds) in 
roughly an f~2 dependence on frequency. Strain in deep boreholes can thus be 
measured as well in these different tectonic and volcanically active regions as in 
aseismic regions. Strain transients are observed infrequently on near-fault instru­ 
ments, particularly where it is actively creeping, but these do not contribute 
significantly to noise power spectra determined from long record sections. Initial 
comparison with near-surface (2m) and intermediate-depth (30m) strain instru­ 
ments indicates a 10 dB reduction in noise from 2m to 30m and a another 10 dB 
reduction in noise from 30m to 200m.

[5] BOREHOLE STRAIN ARRAY IN CALIFORNIA
A network of 15 borehole strainmeters along the San Andreas fault zone and in 
the Long Valley Caldera continue to be monitored and maintained. All instru­ 
ments are installed at depths between 117-m and 324-m and all are between 1-km 
and 5-km from the the surface trace of the fault. High frequency dilatometer data 
in the frequency range 0.005 Hz to 100 Hz are recorded on 16-bit digital record­ 
ers with least count noise less than lO""11 . Low frequency data from zero fre­ 
quency to 0.002 Hz are transmitted through the GOES satellite to Menlo Park, 
CA, using a 16-bit digital telemetry system. At the USGS in Menlo Park the data 
are displayed in "almost real time" and are continuously monitored with detection 
algorithms for unusual behavior. Least-count noise is about 5*10~12 for the on- 
site digital recordings, and about 2*20~n for the satellite telemetry channels. Earth 
strain tides, strain transients related to fault creep and numerous strain seismo- 
grams from local and teleseismic earthquakes with magnitudes between -1 and 6 
have been recorded on these instruments. Static moments and total earthquake 
moments are determined from the co-seismic strains and total strain changes 
observed with the larger events.

[6] CROWLEY LAKE AND SAN ANDREAS LAKE WATER LEVEL MONI­ 
TORING
Water level monitoring sites have been installed on Lake Crowley in the Long 
Valley/ Mammoth Lakes region and San Andreas lake on the San Andreas fault 
just south of San Francisco. These data provide differential water level measure­ 
ments (tilt) with a measurement precision of less than 1 mm on baselines of 5 to 
8 kilometers. Monthly averages of the data from San Andreas lake between 1979 
and 1989 indicate a tilt rate of 0.02±0.08 microradians/yr (down S34°E).

[7] DIFFERENTIAL MAGNETOMETER ARRAY IN CALIFORNIA
We continue investigations of local magnetic fields and relationships to crustal 
strain and seismicity in the Parkfield region and in southern California. The net­ 
work consists of 9 stations which are all sampled synchronously every 10 minutes 
and transmitted with 16-bit digital telemetry to Menlo Park, CA through the 
GOES satellite. Data are monitored daily with particular attention to the seven 
stations operating in the Parkfield region of central California and the three sta­ 
tions operating in the Long Valley caldera. At these latter sites a magnetic field 
anomaly first became obvious in late 1989 and in continuing to the present in 
concert with anomalous 2-color geodetic strain measurements and spasmodic 
swarms of minor earthquakes.
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[8] CONTINUOUS HIGH PRECISION BOREHOLE STRAIN MEASURE­ 
MENTS NEAR THE LOCKED AND CREEPING SECTIONS OF THE SAN 
ANDREAS FAULT
Deep-borehole strainmeters have been operating since 1984 at sites near the 
northern and southern creeping/locked transition zones and in the "Big Bend" 
region of the San Andreas fault in northern and southern California, respectively. 
These instruments resolve strain changes to better tfian 1 part per billion (ppb) 
over periods of months to minutes. The last five years of strain data show long 
periods of uniform crustal strain, infrequent episodes of aseismic strain sometimes 
resulting from aseismic fault creep, and high frequency straingrams and strain 
field offsets generated by local earthquakes. Whereas simple views of the earth­ 
quake rupture process have suggested that: 1) substantial non-linear deformation 
occurs prior to rupture, 2) the scale of this deformation exceeds the eventual 
earthquake rupture dimensions, and 3) the properties of near-fault materials may 
vary with time and location, these high resolution borehole strain recordings indi­ 
cate: 1) minimal short-term non-linear precursive strain occurs, 2) the size of fault 
patches that initiate failure are probably less than a few hundred meters in size 
while the eventual earthquake rupture dimensions can be several tens of kilome­ 
ters, 3) no evidence of variations in near-field material properties, and 4) strain 
offsets from local earthquakes that are largely transmitted elastically despite com­ 
plex geology and fault geometry. In the case of the recent October 18, 1989, ML 
7.1 Loma Prieta earthquake, strain data from two instruments near San Juan 
Bautista, 5 km to 10 km southeast of the final southern extent of the rupture, indi­ 
cate that any precursive failure in the hypocentral region (with a form similar to 
that during the earthquake) was at least a 1000 times smaller in the minutes to 
months before the earthquake. This, in turn, constrains the maximum amount of 
horizontal or vertical displacement in the hypocentral region to be at most, a few 
millimeters, if any occurred at all. As more borehole strainmeters are installed, 
these data will continue to place increasingly tighter constraints on physical 
processes that occur at the earthquake source.

[9] ULTRA BROAD BAND DATA FROM AN ARRAY OF DEEP BOREHOLE 
STRAINMETERS ALONG THE SAN ANDREAS FAULT SYSTEM
Records from an array of borehole strainmeters along the San Andreas fault sys­ 
tem are used to determine comparative seismic response over nine decades of fre­ 
quency (100 to 10~7 Hz) for local earthquakes, teleseismic earthquakes and "slow" 
earthquakes. The dynamic range of the borehole instruments exceeds 140 dB. 
Comparison of the short-period portion of the earth-strain noise spectrum (20 to 
500 seconds) with average spectra determined from pendulum seismometers sug­ 
gest that the observed seismic noise is predominately dilational energy. Simul­ 
taneous strain and seismic velocity measurements of incident P- and S-wave 
amplitudes are used to estimate wavefield inhomogeneity, free surface reflection 
coefficients, and local P velocity. Estimates of these parameters for moderate 
magnitude (Mw =6) earthquakes agree well with those calculated from an anelastic 
half-space model with incident inhomogeneous waves. Total seismic moments 
determined from zero frequency strain steps for approximately 40 moderate mag­ 
nitude earthquakes are approximately 20% greater than seismic moments deter­ 
mined from displacement spectra from instrument corrected seismic velocity data. 
This would indicate that only minimal aseismic moment release accompanies 
seismic moment release for these earthquakes.
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Marine Seismic Investigations 
of the East Bay Faults

1 4-08-0001-G2123 
OlAug91-31Jul92

David L Jones and Thomas V. McEvilly
Seismographic Station

Dept. of Geology and Geophysics
University of California

Berkeley, CA 94720

Phone: (510) 486-7347
FAX: (510) 486-5686

e-mail: tvmcevilly@lbl.gov

Project Description

This UC/USGS cooperative project supported the acquisition of nearly one million traces 
of multichannel airgun seismic profiling data from the Sacramento river delta through 
Carquinez strait into San Pablo and San Francisco bays, and then out to sea nearly 100 
km beyond the Golden Gate. The primary purpose of the survey, now known as BASIX 
(Bay Area Seismic Imaging Experiment), is an investigation of the crustal structure and 
fault geometries within the complex plate boundary in the Bay Area. The survey, 
conducted in September, 1991, employed the USGS research vessel S.P. Lee with a 
source array of 12 airguns, and a 120-channel buoyed, telemetered receiver array 
which was moved each day along the line. The USGS contribution to the project was the 
ship and crew, the airguns, navigation, and the DFSV recording system. The UC Berkeley 
contribution was the subcontract to the commercial geophysical contractor for the 
telemetry system, at a cost which exhausted the funds provided in the award. We have 
asked for a supplement and no-cost extension to the award for FY92 to allow processing 
and interpretation of the data acquired. i

FY91 Accomplishments (01-30 September)

Despite only two month's activity in FY91 under this award, much was accomplished, 
and the total funding was expended:

Survey execution The survey was conducted in September. Data reduction is 
very involved due to the non-coincident source and receiver lines (and the fact that the 
ship traversed each line segment in both directions, on different courses), and the 
current-induced shift of the buoyed receivers during a night's recording. Navigation by 
GPS and Del Norte must be recovered from the onboarcj computer disks and merged with 
the DFSV records. This merging of the full geometry and trace data will not be completed 
before year's end. We have extracted one night's trace data (spread 108) and a receiver 
gather of that night's shots is presented in Figures 1 and 2.

Complementary studies Land receiver arrays were deployed, supported by other 
resources, by UC Berkeley, USGS, and Stanford scientists, to complement the marine 
data and to extend survey coverage to wide angle. An example of land recording is 
illustrated in Figure 3 in a relatively short offset land-receiver gather for the same 
source array shown in Figure 2 for a marine receiver. A large number of land sites 
were occupied throughout the survey. High-resolution data also have been acquired.
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AGU Poster session A special poster session has been arranged at the Fall AGU 
Meeting on the BASIX experiment. All aspects of the project will be featured.

FY92 Schedule

The FY91 effort exhausted the available funding, as reduced in the actual award, with the 
data acquisition subcontract. No support remains with which to reduce, analyze and 
interpret the data - researchers participating in the experiment and data reduction until 
now have been supported by other projects. Assuming the supplement request is 
granted, we will be able to devote the necessary human resources to the study in FY92.

38°-

Figure 1. Map of early BASIX survey line, showing line 108 (track W, one night's 
shooting, some 700 shots) illustrated in Figures 2 and 3. Segment 'B1 is the receiver 
spread for line 108. Figure 2 is a marine receiver gather from near the center of the 
spread. Figure 3 is a receiver gather from a land sensor array on Point Pinole (segment 
'C') f near the western end of line 108. Segment 'D' is anothr land array deployed for 
that portion of the survey crossing the Antioch and Concord faults.
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Tectonics of the Chabot-Mission faults 
Award Number: 14-08-0001-G2136 
DavidL.Jones ' 
Department of Geology and Geophysics 
University of California 
Berkeley, CA 94720 
415-642-2514

Investigations undertaken in FY 1991

This investigation of the Chabot-Mission fault system is 
aimed at increasing our understanding of an important 
seismogenic zone along which slip apparantly is being transferred 
from the Calaveras fault to the Hayward fault. Dispite active 
seismicity along this transfer zone, no surface rupture has been 
detected, and neither the Chabot nor the Mission faults are 
included in Alquist-Priolo zoning. Because the tectonic history of 
these faults is so poorly understood, we are currently unable to 
evaluate their potential for producing damaging earthquakes in 
the future, nor has the style of expectable fault movement (e.g., 
strike slip, dipslip, or oblique slip) been clearly established.

The
width of 
movement along 
delineate the

specific aims of this study are to: 
the zone of deformation that can 

the Chabot-Mission 
principal strand(s)

1) determine the 
be attri buted to 

faults, and attempt to 
along which the latest

detectable movement has occurred; 2) establish the structural 
style of deformation across the entire width of the fault zone to 
provide long-term strain indicators necessary to establish the 
kinematic history of the faults; 3) search for stratigraphic and 
structural ties across the fault zone that will permit an 
assessment of the long-term history of displacement along the
seismogenic zone; and 4) search for evidence that will 
the youngest episode of movement along these faults.

establish

Preliminary investigations of the Chabot-Mission fault 
system commenced in August, 19pl, wjth reconnaissance field 
studies in the Miles Canyon, Morrison Canyon, and Alum Rock Creek 
regions, in order to characterize the style of deformation within 
the fault zone and to collect samples for paleontologic 
examination. Based on these scattered and incomplete 
observations, the following tentative conclusions can be drawn:

1. The Mission fault system is a wide and complex fault zone that 
exhibits a significant component of west-vergent thrust 
displacement that locally places strata of Cretaceous age over 
PIio-Pleistocene deposits; I

2. Several important contacts between stratigraphic units that 
previously were interpreted as depositional, are, in fact, 
significant faults, so the number of recognized fault strands 
within the fault zone has increased.
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3. New strati graphic units have been recognized, based on 
paleontologic criteria, that hitherto have not been identified 
anywhere in the Bay region. These new data will provide 
important constraints for analyzing the displacement history.

4. In contrast to thrust displacements observed within the Mission 
fault zone, the Chabot fault appears to exhibit an important component 
of dip-slip normal fault displacement. Thus, the relation of 
these two structures is not yet clear, nor has it been 
established where to change from compressional to extensional 
behavior takes place.
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Earthquakes and the Statistics of Crustal Heterogeneity

9930-03008 

Bruce R. Julian

Branch of Seismology
U.S. Geological Survey

345 Middlefield Road - MS77
Menlo Park, California 94025

(415) 329-4797

Investigations
Both the initiation and the stopping of earthquake raptures are controlled by 

spatial heterogeneity of the mechanical properties and stress within the earth. 
Ruptures begin at points where the stress exceeds the strength of the rocks, and 
propagate until an extended region ("asperity") where the strength exceeds the 
pre-stress is able to stop rapture growth. The rapture termination process has the 
greater potential for earthquake prediction, because it controls earthquake size and 
because it involves a larger, and thus more easily studied, volume within the earth. 
Knowledge of the distribution of mechanical properties and the stress orientation 
and magnitude may enable one to anticipate conditions favoring extended rapture 
propagation. For instance, changes in the slope of the earthquake frequency- 
magnitude curve ("b-slope"), which have been suggested to be earthquake 
precursors and which often occur at the time of large earthquakes, are probably 
caused by an interaction between the stress field and the distribution of 
heterogeneities within the earth.

The purpose of this project is to develop techniques for determining the 
small-scale distributions of stress and mechanical properties in the earth. The 
distributions of elastic moduli and density are the easiest things to determine, using 
scattered seismic waves. Earthquake mechanisms can be used to infer stress 
orientation, but with a larger degree of non-uniqueness. Some important questions 
to be answered are:
** How strong are the heterogeneities as functions of length scale?
** How do the length scales vary with direction?
** What statistical correlations exist between heterogeneities of different 

parameters?
** How do the heterogeneities vary with depth and from region to region?
Scattered seismic waves provide the best data bearing on these questions. They can 
be used to determine the three-dimensional spatial bower spectra and cross-spectra 
of heterogeneities in elastic moduli and density in( regions from which scattering 
can be observed. The observations must, howevpr, be made with seismometer
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arrays to enable propagation direction to be determined. Three-component 
observations would also be helpful for identifying and separating different wave 
types and modes of propagation.

The stress within the crust is more difficult to study. Direct observations 
require deep boreholes and are much too expensive to be practical for mapping 
small-scale variations. Earthquake mechanisms, on the other hand, are easily 
studied and reflect the stress orientation and, less directly, its magnitude, but are 
often not uniquely determined by available data.

This investigation uses earthquake mechanisms and the scattering of seismic 
waves as tools for studying crustal heterogeneity.

Results

Volcanic and Geothermal Earthquake Mechanisms
Work under this project during calendar year 1991 has been devoted to 

seismological field experiments at geothermal areas in California and Iceland. This 
work, which is being carried out in collaboration with Dr. G. R. Foulger of the 
University of Durham, England, and is supported by a G. K. Gilbert Fellowship, is 
aimed at improving our understanding of "non-double-couple" (NDC) geothermal 
earthquakes. In the last several years, evidence has accumulated of the reality of 
these anomalous and poorly understood earthquakes, whose mechanisms can not be 
explained by shear faulting. It is likely that understanding the processes that cause 
NDC earthquakes will help in predicting volcanic activity and in prospecting for 
and exploiting geothermal energy.

A primary factor limiting our understanding of non-double-couple earthquakes 
has been a lack of high-quality recordings of them. The purpose of the field 
experiments was to obtain such data, using dense networks of three-component 
digitally recording instruments. The use of three-component sensors produces 
usable data from shear waves as well as compressional waves, and digital recording 
produces on-scale signals that make possible interpretation of amplitudes and 
waveforms, which contain far more information than do first motions alone.

The experiments were conducted at The Geysers geothermal area, California, 
during March and April, 1991, and at the Hengill geothermal area, Iceland, during 
July, August, and September. The Hengill area is the richest known source of 
non-double-couple earthquakes in the world. The Geysers is an area of 
exceptionally high seismicity, but so far no convincing evidence of NDC 
mechanisms has been found there.

At The Geysers, fifteen instruments were operated for 30 days in an area 
about 20 km in diameter. The Hengill network was larger and denser, with 30 
instruments operating for 60 days in a 25-km region. Data from these instruments 
will be supplemented by data from permanent networks operating in the same 
areas: the UNOCAL Corporation's 28-station network at The Geysers, and the 
digital South Iceland seismic network at Hengill. The network geometries were 
designed on the basis of seismological considerations, and not ease of access. The 
location of the earthquake activity at both places was known in advance, and at
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Hengill we optimized the network geometry by tracing rays through a three- 
dimensional crustal model of the area, obtained in a previous tomographic study. 
We believe this is the first time information of this type has been used in the design 
of a seismic experiment. At The Geysers, available information on crustal structure 
was less detailed, and legal constraints on access to land were severe, so the 
stations were deployed with the primary aim of supplementing the existing 
UNOCAL network.

The strategy followed, of recording continuous data instead of only 
computer-identified "events", greatly increased the data volume and meant that 
most stations had to be visited every three days. Because of the way the Hengill 
network was designed, half of the stations were accessible only on foot. 
Nonetheless, no significant data loss resulted from the strenuous nature of the field 
operations.

These experiments used Reftek brand recording instruments supplied by the 
equipment pools of the Incorporated Institutions for Research in Seismology (IRIS), 
and the British Natural Environment Research Council (NERC). The Hengill 
experiment is one of the largest yet performed using the relatively new 
IRIS/PASSCAL-type instruments, and one purpose of the Geysers experiment was 
to gain familiarity with them so as to ensure success in Iceland. Nevertheless, the 
rate of hardware and software failure was fairly high, and resulted in the loss of 
about 10% of the data in Iceland. A detailed report on the technical details of 
equipment performance has been written and provided to the managers of the 
equipment pools and other interested people.
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Proposal to Collaborate with the U.S. Geological Survey Deep
Continental Studies Group on the North Deployment of the

Pacific Northwest Refraction Experiment

Agreement No. 14-08-0001-G2073

G. Randy Keller and Kate C. Miller
Department of Geological Sciences
The University of Texas at El Paso

El Paso, Texas 79968-0555
915/747-5501

The Pacific Northwest Refraction experiment was conducted in September of 1991. Final data 
tapes have not been prepared, but initial evaluations of the data collected were very encouraging. 
The University of Texas at El Paso (UTEP) focused its effort on the first deployment of this 
experiment which was located in the western portion of the State of Washington. UTEP students 
in fact surveyed the line and established the location for the seismic recording sites. UTEP was 
responsible for the participation of Canadian workers who brought over 200 seismograph 
systems to the experiment. In addition, UTEP personnel headed a 3-component recording effort 
which employed 28 PASSCAL (Program for Array Seismic Studies of the Continental Lithosphere) 
instruments. Finally, we provided 4 students to work directly with the U.S. Geological Survey and 
help deploy its instrumentation. After the main UTEP effort in Washington, 7 UTEP personnel 
continued to aid with the second deployment in the experiment. This deployment was primarily 
located in western Oregon.

Although it has not been possible to begin the seismic data analysis, the UTEP group has 
prepared a preliminary data base for the seismic measurements, constructed a series of gravity 
maps of the region, and thoroughly surveyed the previous literature on the region.
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Paleoseismic Investigation of the Central and Southern Reelfoot Scarp, Tennessee

Agreement No. 14-08-0001-G2116

Keith I. Kelson
William Lettis & Associates
1000 Broadway, Suite 6ll2

Oakland, CA 94607
(510)832-3716

Roy VanArsdale
The University of Arkansas

Department of Geology
HSOzarkHall

Fayetteville, AR 72701
(501) 575-3355

Objective of the Study

  Assess the presence or absence of near-surface stratigraphic and/or structural evidence of 
pre-1811 large-magnitude earthquakes along the central and southern Reelfoot scarp, Lake 
County, Tennessee

  Refine existing geologically based estimate of the large-magnitude earthquake recurrence 
interval along the northwest-trending trend of seismicity within the New Madrid Seismic 
Zone, via near-surface excavations across the Reelfoot Scarp.

  Assess possible influences of surficial deformation associated with large-magnitude 
earthquakes in the Reelfoot Lake area based on middle and late Holocene meander patterns 
of the Mississippi River.

Progress to Date

  Conducted field reconnaissance of central and southern Reelfoot Scarp and produced 
detailed topographic profiles of the scarp at four possible trench locations. The goal of 
these activities was to select and prioritize possible ujench locations. The sites were 
prioritized based on: (1) likelihood of encountering c Diluvial material on the downthrown 
(eastern) side of the scarp; (2) scarp height and maximum slope angle; (3) vertical surface 
separation; (4) likelihood of encountering datable material; (5) groundwater conditions; 
and (6) permission to excavate from land owner and lessee.

  Obtained permission to excavate trenches and to drill hand-auger boreholes from land 
owners and lessees for three of four priority sites.

  Three hand-auger borings along the proposed top priority trench location (the Donaldson 
site) were completed in order to assess groundwater conditions and stratigraphy prior to 
incurring excavation costs. After excavation, five additional borings were completed 
within and west of the trench to provide additional stjratigraphic information.
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On 8 October 1991, we excavated a 90-m-long trench across the scarp at the Donaldson 
site, located approximately 3 km northeast of the town of Tiptonville. The trench was 1.2 
m wide and up to 3.5 m deep, and was shored using hydraulic shores per OSHA 
regulations. Groundwater conditions and caving side walls precluded excavating deeper 
than 3.5 m. Logging was conducted at a scale of 2 inches to 1 meter, between 8 October 
and 29 October 1991. The trench was backfilled and the area remediated on 29 and 30 
October.

Aerial photography at scales of 1:18,000 and 1:58,000 has been purchased for analysis of 
fluvial meander patterns in the vicinity of the Tiptonville dome. Through initial analysis of 
the small scale photography, we have identified several meander domains and subdomains 
that yield a first estimate of meander migration patterns. We have obtained soil survey 
maps for the entire study area and are currently compiling these maps to obtain relative age- 
estimates of the domains. We hope to better constrain these relative age-estimates through 
interaction with State of Tennessee personnel, university personnel, and private consultants 
also researching river pattern morphology.

Results to Date

  Stratigraphy exposed in the trench included fine-grained sands and silty sands interpreted as 
natural levee deposits, probably from the Mississippi River, overlain by clays interpreted as 
overbank deposits. The stratigraphic sequence provided distinct, planar, continuous 
marker beds from which to assess the location and style of deformation associated with the 
scarp. These beds define a broad monoclinal fold having an amplitude greater than about 5 
m, consisting of three smaller scale monoclines each having amplitudes of about 1 to 2 m. 
The eastern end of the monocline was not exposed because of the limited trench depth. 
Associated with each smaller scale monocline are numerous down-to-the-west normal 
faults having vertical separations of up to 8 cm. Because of the location of these faults 
within the monoclines and their decrease in amount of throw down-section, we interpret 
that they are probably a result of extension along the crest of the large-scale fold. Also, we 
interpret that if the Reelfoot fault extends to the surface, its trace lies to the east of the base 
of the scarp. At the Donaldson site, such an interpretation places the surface projection of 
the fault within or at the western margin of Reelfoot Lake.

  Colluvial deposits derived from the scarp thicken to the east away from the base of the 
scarp. These deposits consist of two units that either represent colluviation after the 1811- 
1812 earthquake episode, or colluviation after a penultimate event and after the 1811-1812 
episode. We are testing the possibility of an event prior to 1811 through analysis of the 
amount and location of deformation of the marker beds relative to the amount and location 
of deformation of the present ground surface.

  Three areas exposed in the trench contain evidence of liquefaction, all of which are most 
likely a result of the 1811-1812 earthquakes. All three liquefaction features can be traced 
downward to sources in well-sorted fine-grained sand; none of the three features reaches 
the present ground surface.

  A deposit containing several pot sherds is inset into and provides a minimum age for the 
natural levee deposits exposed in the trench. Based on analysis by Tennessee Division of 
Archaeology personnel, the deposit containing the artifacts dates between 800 and 1000 
A.D., and is most likely about 900 A.D.
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A second concentration of similar artifacts, believed to be of the same time period, lies at the 
top of a silty sand deposit that is located at one of the three areas containing abundant 
evidence of liquefaction. This lensoidal silty sand contains evidence of moderate soil 
development and is laterally discontinuous. It is possible that this deposit is a paleo-sand 
blow, although it may also be a discontinuous levee deposit. We have sampled this 
deposit, other unequivocal liquefaction deposits, and possible source beds for grain size 
analysis, in order to address the possibility that the silty sand is a paleoliquefaction deposit. 
If the deposit is a paleo-sand blow, the artifacts provide good temporal control on the 
causative earthquake. At this time, however, any evidence of a paleo-earthquake is 
equivocal.

Publications

Kelson, K.I., VanArsdale, R., and Simpson, G.D., in preparation, Results of trenching 
investigations across the central Reelfoot Scarp, Lake County, Tennessee: Manuscript to be 
submitted to Seismological Research Letters, November, 1991.
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FAULT MECHANICS AND CHEMISTRY

9960-01485

C.-Y. King 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4838

Investigations

[1] Water temperature and radon content were continuously monitored at two water wells 
in Parkfield, California.

[2] Water level was continuously recorded at six other wells in central California.

[3] Water temperature and electrical conductivity were periodically measured, and water 
samples were taken from most of these wells and two springs in San Jose for chemical 
analysis.

[4] Implications of slip events generated on a laboratory fault are studied.

Results

[1] Earthquake Mechanism and Predictability Shown by a Laboratory Fault

A long sequence of slip events generated in a laboratory fault model, which consists 
of a circulinear chain of eight spring-connected blocks that are elastically driven to 
slide on a factional surface, shows the following characteristics: (1) Slip events of 
greatly different sizes can be generated by a fairly uniform fault. (2) Most of the 
strain energy is released by a few large events. (3) Large events do not recur at regular 
time intervals but are approximately time predictable. (4) Large events occur when 
strain is simultaneously built up to a critical level at most locations. They are preceded 
by foreshocks and triggered by the last "foreshock". (5) The positions of the blocks 
after large events are more irregular than the pre-event positions. (6) Smaller events 
tend to occur more frequently in the last half of a "seismic" cycle, however, their sizes 
do not increase accordingly. (7) Smaller events, although insignificant in releasing 
strain energy, serve to adjust the stress distribution along the fault to a condition 
of simultaneous strain buildup to a critical level for most blocks, in preparation for 
the occurrence of the next large event. (8) The recurrence relation resembles the 
Gutenberg-Richter relation, except for a falloff for the largest events due to finite 
capacity of the fault system to store energy. (9) Slip distributions are not self similar. 
(10) Stress drop increases with event size. (11) Stress drops for smaller events are
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very small fractions of the corresponding absolute stresses. (12) Energy density along 
ruptured segments does not increase with event size. Larger events occur when longer 
segments are stressed to the critical level. (13) Rupture tends to propagate in the 
forward direction due to a built-in asymmetry of the model. (14) Average slip velocity 
increases with block displacement. (15) Duration of slip is short compared with 
the overall rupture time. (16) Rupture-propagation velocities scatter considerably,
but tend to increase with event size and have an upper limit of P-wave velocity.
(17) Rupture-initiation locations are usually not close to maximum-slip locations.
(18) Very few aftershocks occur due to a lack of some time-dependent element in the 
model. These results imply: (1) Friction along seismogenic faults may not necessarily 
be very inhomogeneous. (2) Large earthquakes may be a stress-roughening process, 
whereas smaller earthquakes, a stress-smoothing process. (3) Earthquakes are a self- 
organized critical phenomenon, but not exactly fractal. (4) Short-term earthquake 
prediction is difficult; precursor-monitoring networks should cover an entire seismic 
gap, not just some perceived asperities, in order to detect the condition of simultaneous 
strain buildup to near-critical level. (5) Spatial extjent of premonitory anomalies should 
increase with earthquake magnitude. (6) Hypocenters determined from telemetered 
data may not be rupture-initiation points as is commonly assumed. (7) Both the 
stress-roughing nature of large earthquakes and the presence of some time-dependent 
elements are needed for the generation of aftershocks.

[2] Hydrogeochemical Measurements Along the Hayward Fault

Hydrogeochemical measurements have been made about once a month, and more 
frequently when needed, since 1976 at two springs in Alum Rock Park in eastern San 
Jose and since 1980 at two shallow wells in eastern Oakland along a 55-km segment of 
the Hayward fault. Temperature, electrical conductivity, and water level or flow rate 
are measured in situ with portable instruments. Water samples are taken at the same 
time for chemical and isotopic analyses in the laboratory.

The measured flow rate was not affected significantly by the seasonally-varying 
rainfalls, but it showed a long-term decrease of about 40 percent since 1987, when 
a five-year drought began in California. It also showed several temporary increases 
that lasted a few days to a few months with amplitudes of 2.4 to 8.6 times the standard 
deviation above the background rate. Five of these increases were each recorded a few 
days after an earthquake of magnitude 5.0 or larger as listed below:

Date Location Magnitude Distance (km)

84-04-24 Morgan Hill 6.2 18

86-03-31 Mt. Lewis 5.7 15

88-06-13 Alum Rock 5.3 8

89-04-03 Alum Rock 5.0 

89-10-17 Loma Prieta 7.1
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Two of these increases are arguable because of small amplitude (1988 Alum Rock; only 
2.4 standard deviations above background) or data gap (Loma Prieta). None of them 
appear to be caused by rainfalls or stress changes associated with the earthquakes, 
but they may be induced by strong seismic shaking. No significant flow increase was 
recorded after any smaller or more distant earthquakes, including the two magnitude 5 
earthquakes that occurred near and prior to the Loma Prieta on the San Andreas 
fault. Two other flow increases were recorded in 1982, but they were not correlated 
with any significant earthquakes; these increases were possibly induced by unusually 
heavy rainfall.

The water in both wells showed seasonal temperature and chemical variations largely 
in reponse to rainfall. It also showed some clear chemical changes unrelated to 
rainfall in 1980 that lasted a few months; they were followed by some magnitude 4 
earthquakes 50-80 km away. The chemical compositions at one of the wells and at the 
two springs also showed some longer term variations correlatable with the five listed 
earthquakes; these correlations suggest the possibility of a common tectonic origin. 
The last variation at this well occurred abruptly in 1989 shortly before a magnitude 5 
earthquake 54 km away. However, no other hydrochemical changes were recorded at 
about the time of some 20 other earthquakes of magnitude 4.0 or larger in the study 
area.

Reports

King, C.Y., 1991, Multicycle slip distribution along a laboratory fault, J. Geophys. Res., 
96, 14,377-14,381.

King. C.Y., 1991, Multicycle slip distribution along a laboratory fault (abs.), Eos, Trans. 
Am. Geophys. Union Program and Abstracts Supplement for Spring 1991 Meeting, 
275.

King. C.Y., 1991, Earthquake source characteristics and predictability shown by a 
laboratory fault model (abs.), Eos, Trans. Am. Geophys. Union, 1991 Fall Meeting 
Program and Abstracts, 458.

King, C.Y., Easier, D., Presser, T., Evans, W., White, D., 1991, Geochemical measurements 
along Hay ward fault (abs.), submitted to 2nd Conference on Earthquake Hazards in 
the East San Francisco Bay Area.
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Investigations

1. Seismic refraction surveys at the U.S. Air Force Academy, Colorado Springs, Colo. (in collaboration 
with Earl Cassidy, USGS-WRD). During May, 1991, as part of a USGS study of ground-water 
contamination caused by leaking toxic materials in abandoned waste-disposal sites on the Academy 
grounds, twenty-five high-resolution refraction profiles wejre acquired to determine depth to bedrock, 
water table depth, and to reveal geologic structure overlyifag the bedrock. The profiles covered about 
3000 m at three different locations on the Academy grounds.

2. Coachella Valley, Southern California (in collaboration with MJ. Rymer and R.V. Sharp, both at 
USGS): high-resolution seismic reflection (Mini-Sosie) studies of the southern San Andreas fault 
system. During April, 1991 about 19 km of reflection data were acquired in this region as part of a 
multidisciplinary effort to understand the regional Quaternary stratigraphy and deformation history 
and the location, kinematics, geometries, and rates of slip of active faults. The data were recorded with 
1 s record length and 9.1 to 15.2 m shot-and-geophone intervals (sgi). These recording parameters 
focused on the 50 to 500 m depth range. The data were processed following the standard common 
depth point (CDP) technique into 12 stacked records (nominally 12-fold).

3. San Francisco Bay Area (in collaboration with M J. Rymer, USGS): high-resolution seismic reflection 
(Mini-Sosie method and conventional 12-gauge shotgun source) studies of faults in Palo Alto, Los 
Altos, Stanford University Campus, and Mountain View^ Calif. These faults, which are located in 
heavily populated areas, have been previously identified through geologic mapping and aerial photo 
interpretation. The goal of the seismic investigations is to determine the extent of these faults into 
unmapped areas where there existence is only inferred. These data should also provide information 
about Quaternary stratigraphy, deformation history, and possibly slip rates. During May, 1991 about 
2.7 km of reflection data were acquired across four different faults. These data were recorded with 0.5 
s record length and 1.5 to 3 m sgi to focus on the 20 to 100 \m depth interval.

4. New Madrid Seismic Zone - Seismic reflection studies of the Bootheel Lineament (in collaboration with 
E.S. Schweig, Memphis State Univ., Memphis, TN). This| study has several goals that were generally 
determined from interpretation of FY90 acquired seismic reflection data, they are: 1) to increase 3-D 
coverage of the main lineament, 2) extend seismic lines acquired in FY90 to the east and west to 
determine if flower structures are unique to the lineament zone, 3) to determine where possible 
piercing points exist, 4) to acquire new data over the best developed scarp on the lineament, and 5) to 
re-examine areas of incoherent reflection energy, identified on FY90 Mini-Sosie profiles, with higher 
resolution methods that will provide information on near-surface strata. During the summer of 1991 
15.5 km of Mini-Sosie method and 2.1 km of 12-gauge shotgun source high-resolution seismic 
reflection data were acquired to accomplish these goals. Recording parameters of 1.5 to 2.4 m sgi for 
the shotgun data and 15 m sgi for the Mini-Sosie data emphasized target zones in the 10 to 500 m 
depth range.
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5. New Madrid Seismic Zone - Seismic reflection studies of the Crittenden County fault (in collaboration 
with L.R. Kanter, Memphis State Univ., Memphis, TN). These data were acquired in order to extend 
information on this fault's geometry and location (obtained from FY90 reflection studies) further to the 
southwest, and to re-examine areas of incoherent reflection energy, identified on FY90 Mini-Sosie 
profiles, with higher resolution methods that will provide information on Holocene stratigraphy and 
possible faults. During the summer of 1991 about 8.0 km of Mini-Sosie method and 0.26 km of 12- 
gauge shotgun source high-resolution seismic reflection data were acquired. Recording parameters of 
1.83 m sgi for the shotgun data and 15 m sgi for the Mini-Sosie data emphasized target zones in the 10 
to 500 m depth range.

6. New Madrid Seismic Zone - (in collaboration with R.B. VanArsdale, Univ. of Arkansas, Fayetteville): 
Investigations for evidence of faulting beneath the margins of Crowley*s Ridge at locations other than 
those documented by FY90 reflection studies and to determine the strikes of the faults imaged in 1990. 
During the summer of 1991 about 11.5 km of Mini-Sosie method and 1.6 km of 12-gauge shotgun 
source high-resolution seismic reflection data were acquired. Recording parameters of 2.44 m sgi for 
the shotgun data and 15 m sgi for the Mini-Sosie data emphasized target zones in the 10 to 500 m 
depth range. The shotgun source data should reveal if Quaternary strata are faulted in the regions 
overlying faulted Tertiary units.

7. New Madrid Seismic Zone: USGS program to acquire seismic reflection data on: 1) the Crittenden 
County fault, 2) features seen as surface lineations and/or structures (faults?) in vibroseis reflection 
profiles near Kennet, Lepanto, and Jonesboro, Arkansas, 3) the Cottonwood Grove fault near Ridgely, 
Tennessee, and 4) areas of incoherent reflection energy, identified on FY90 Mini-Sosie profiles, with 
higher resolution methods that will provide information on recent stratigraphy and possible faults. 
During the summer of 1991 about 23.0 km of Mini-Sosie method and 1.22 km of 12-gauge shotgun 
source high-resolution seismic reflection data were acquired. Recording parameters of 1.5 to 2.4 m sgi 
for the shotgun data and 15 m sgi for the Mini-Sosie data emphasized target zones in the 10 to 500 m 
depth range.

8. D.L. Carver and RA. Williams completed a 12-gauge shotgun seismic source overhaul and upgrade. 
Analysis of seismic data acquired with this source showed that it produces a significant amount of 
undesirable acoustical noise. This noise often interferes with the arriving desirable signal. To reduce 
the noise longer custom-made steel barrels were designed and produced that place the seismic source 
discharge point further below the ground surface in order to attenuate the audible gun-blast sound. 
Also, in collaboration with a local firearms expert, several safety improvements were suggested for the 
barrels, receiver, and bolt.

Results

1. The refraction data were interpreted and processed into depth sections that generally detail the upper 25 
m of the ground surface. A bedrock surface and two-to-three overlying unconsolidated units were 
identified on most of the profiles. These data will be useful in tying together the information obtained 
from a series of boreholes drilled primarily on the perimeters of the landfills. An interpretation of the 
refraction study results were summarized in a letter and submitted (along with copies of the depth 
sections) to the USGS Water Resources Division - the agency in charge of the overall investigation.

2. Preliminary results and interpretation of the 12 CDP stacked sections indicate that zones of incoherent 
energy, narrowest at the surface but widening rapidly at relatively shallow depths, underlie the surface 
traces of these faults. The near-surface zone of incoherent energy on the San Andreas fault near 
Durmid Hill is nearly 1.5 km wide. Processing on all profiles is continuing.

3. These data are currently being processed into 8 stacked CDP profiles.

4. These data are currently being processed into 11 stacked CDP profiles.
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5. These data are currently being processed into 5 stacked CDP profiles.

6. The data are currently being processed into 11 stacked CDP profiles.

7. The data are currently being processed into 19 stacked CDP profiles.

8. (Carver and Williams) The new barrels are thicker-walled to prevent splitting and blowouts. The 
shotgun receiver was also custom-built with thicker steel and reinforcements to improve reliability and 
safety. Field use of the re-designed source has improved productivity, primarily because the increased 
source durability reduced break-downs. The deeper discharge point also places the source in firmer 
ground and improves source coupling. The source was used in New Madrid seismic zone field work 
during August, 1991 and produced much less unwanted noise.

Reports

Kanter, L. R., E. S. Schweig, E. A. Luzietti, and K. M. Shedlock, 1991, Cenozoic deformation along the 
Crittenden County fault zone, northeastern Arkansas: Seis. Soc. Am. Eastern Section, 63rd 
Annual Meeting Program and Abstracts, Memphis.

King, K. W., D. L. Carver, R. A. Williams, and D. M. Wolrley, 1991, Site response studies in west and 
south Seattle, Washington, m A.M. Rogers, WJ. Kockelman, G. Priest, and TJ. Walsh, eds., 
Assessing and Reducing Earthquake Hazards in the Pacific Northwest: U.S. Geological Survey 
Professional Paper, (in press).

Nichols, T. C., R. A. Williams, K. W. King, and D. D. Eberl, 1991, Investigation of foundation 
problems related to heaving of soils and weathered bedrock in the Pierre Shale southwest of 
Denver, Colorado: U.S. Geological Survey Open File Report 91-281.

Odum, J. K., K. M. Shedlock, J. A. Michael, D. M. Worley, and E. A. Luzietti, 1991, A seismic 
reflection survey of the northwestern boundary of the Reelfoot Rift near Marston, Missouri [abs.], 
EOS, Transactions, Am. Geophy. Union, v 72, no 44, p 429.
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1991, The Bootheel Lineament: Results of trenching and shallow seismic reflection studies: Seis. 
Soc. Am. Eastern Section, 63rd Annual Meeting Program and Abstracts, Memphis.
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Annual Meeting Program and Abstracts, Memphis.
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Central Aleutians Islands Seismic Network

Agreement No. 14-08-0001-A0259

Carl Kisslinger and Bruce Kindel
Cooperative Institute for Research in Environmental Sciences

Campus Box 216, University of Colorado
Boulder, Colorado 80309

(303) 492-6089

Brief Description of Instrumentation and Data Reduction Methods
The Adak seismic network consists of 13 high-gain, high-frequency, two- 

component seismic stations and one six-component station (ADK) located at the 
Adak Naval Base. Station ADK has been in operation since the mid-1960s; nine of 
the additional stations were installed in 1974, three in 1975, and one each in 1976 
and 1977.

Data from the stations are FM-telemetered to receiving sites near the Naval 
Base, and are then transferred by cable to the Observatory on the Base. Data were 
originally recorded by Develocorder on 16 mm film; since 1980 the film recordings 
are back-up and the primary form of data recording has been on analog magnetic 
tape. The tapes are mailed to CIRES once a week.

At CIRES, the analog tapes are played back through an analog-to-digital (a-to- 
d) converter into a computer at four-times the speed at which they were recorded. 
This computer then digitizes the data, automatically detects events, demultiplexes 
each event, and writes them to disk. These events are edited to eliminate spurious 
triggers, and a tape containing only seismic events is created. All subsequent pro­ 
cessing is done from this tape. Times of arrival and wave amplitudes are read from 
an interactive graphics display terminal. The earthquakes are located using a pro­ 
gram originally developed for this project by E. R. Engdahl, which has been 
modified several times since.

Termination of the Network
By decision of the U.S.G.S., the Central Aleutian Islands Seismic Network 

(CASN) is terminated. The clean up of the station sites and recording equipment will 
be completed in the spring or early summer of 1992, when weather permits field 
operations. Responsibility for station ADK, the observatory, and the vault has been 
returned to the U.S.G.S. Support of the operation of station ADK by CIRES stopped 
on November 1,1991.

In view of the decision to close the network, no maintenance was performed 
during 1991. As of January 1991, so few stations remained in operation due to bat­ 
tery failures, that a decision was made to cease all recording.

Current Observations
The catalog produced by the CASN extends from August, 1974 through Sep­ 

tember, 1990. A partial gap exists for May, 1986 through 1988 because of the work
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load created by the number of aftershocks from the May 7, 1986 earthquake. Work 
in 1991 has concentrated on cleaning up as much of this backlog as possible with 
available resources.

Some of the older data (early 1980s) that were archived on to 9-track tapes have
been lost because of the natural deterioration of these tapes with age. For this reason,
all archived wave-form data have been transferred to 8mm (Exabyte) tapes, which 
supposedly have a longer shelf life and require significantly less storage space.

The location work for this report includes: (1) 482 earthquakes located for 
January through May, 1989; (2) 218 earthquakes located for October through 
December, 1989; (3) 77 earthquakes located for January and February, 1990; and, (4)
239 earthquakes located for June through September, 

The total of events located for all time periods
1990.
is 1016. Forty-two of the 1989

events and ten of the 1990 events, which were located with data from the Adak net­ 
work, were also large enough to be located teleseiSmically (U.S.G.S. PDEs). The 
epicenters of the 1989 and 1990 events are shown in Figures 1 and 2, respectively.

Cross-sections for the 1989 and 1990 data and a catalog of all hypocenters 
determined for the time period reported are included in our Semi-Annual Data Report 
to the U.S.G.S. Recent research using these data is reported in the Technical Sum­ 
mary for U.S.G.S. Grant No. G1368.
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Figure 1: Map of seismicity located for January through December, 1989. Events 
located for this report include January through May, and October through December, 
1989. All epicenters were determined from Adak network data. Events marked with 
squares are those for which a teleseismic body-wave magnitude has been determined 
by the U.S.G.S.; all other events are shown by symbols which indicate the duration 
magnitude determined from Adak network data. The islands mapped (from Tanaga 
on the west to Great Sitkin on the east) indicate the geographic extent of the Adak 
seismic network.
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1990. Symbols as in Figure 1.
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Investigations

1. Cooperated with the Geophysical Institute of the University of 
Alaska (UAGI) and the USGS National Earthquake Information Center 
(NEIC) in the operation of the Alaska Earthquake Information Center 
(AEIC) in Fairbanks. The AEIC is responsible for recording and 
analyzing Alaskan earthquake data and disseminating earthquake 
information and advisories to government agencies and to the 
public. As part of AEIC, continued lead role in collection and 
analysis of data from the high-gain short-period seismograph 
network extending across southern Alaska from the volcanic arc west 
of Cook Inlet to Yakutat Bay, and inland across the Chugach 
Mountains.

2. Cooperated with the Branch of Igneous and Geothermal 
Processes, UAGI, and the Alaska Division of Geological and 
Geophysical Surveys in operating the Alaska Volcano Observatory 
(AVO) . Under this program, we have principal responsibility for 
monitoring the seismicity of Redoubt, Spurr, and Hayes, the three 
most northern Aleutian arc volcanoes.

3. Cooperated with the Branch of Engineering Seismology and 
Geology and the UAGI in operating 15 strong-motion accelerographs 
in southern Alaska, including 11 between Icy Bay and Cordova in the 
area of the Yakataga seismic gap. The instrument at Icy Bay was 
removed from an unsatisfactory location in July and will be 
reinstalled in 1992.

Results

1. Preliminary hypocenters have been determined by the AEIC for 
3029 earthquakes that occurred in southern Alaska during the period 
January-June 1991 (Figures 1 and 2). Twelve of these events had 
magnitudes of 4.5 mb and larger. Focal mechanisms for about 300 of 
these events were determined using initial P-wave polarities.

The largest shock to occur beneath central and southern Alaska 
was a magnitude 6.1 mb shock on May 1 located 114 km deep within 
the Wadati-Benioff seismic zone (WBZ) and about 160 km NNW of 
Anchorage (62.5°N, 151.4°W). This shock was felt widely throughout 
southern Alaska and caused slight damage in the epicentral area 
(NEIC). No immediate aftershocks were detected, but this is not
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unusual for intermediate-depth earthquakes. In contrast, eight 
well-recorded aftershocks were detected for a much shallower WBZ 
shock of magnitude 5.4 mb that occurred on April 26 and was located 
38 km deep in the WBZ about 15 km WNW of Anchorage (61.3°N, 
150.2°W). Accurate relative locations of the mainshock and its 
aftershocks are aligned along a NNE trend similar to the strike of 
one of the nodal planes of the mainshock focal mechanism (Figure 
3), thus constraining this to be the probable fault plane. 
Relatively few WBZ shocks in southern Alaska have had aftershock 
sequences from which the orientation of the rupture surface can be 
constrained.

The most unusual earthquake occurrence was a 6.2 mb (6.5 Ms ) 
shock on February 21 located at shallow depth near the edge of the 
continental shelf in the Bering Sea (58.43°N, 175.45°W; not shown 
in figures), an area devoid of historical seismicity. This event 
generated a small tsunami with maximum wave heights of 30 cm at 
Dutch Harbor and 22 cm at Adak (NEIC) . A magnitude 5.0 mb 
foreshock preceded the mainshock by 40 min, and six aftershocks 
with magnitudes of 3.4-4.1 mb followed within 8 hours. From the 
focal mechanism of the mainshock and tectonic considerations this 
event is interpreted as having involved normal faulting with a 
large component of left-lateral strike-slip within a WNW-ESE- 
trending graben structure inboard of the continental margin (Mike 
Marlow, personal communication, 1991).

A magnitude 5.5 mb crustal shock on June 24 was located close 
to the Fairweather fault trace near Cross Sound (58.4°N, 137.1°W). 
The focal mechanism determined from initial P-wave polarities is 
compatible with dextral motion on a nearly vertical plane with a 
strike closely aligned with the local trend of the fault. One 
aftershock (4.7 ML, PMR) was detected. In January 30, a magnitude 
4.0 mb shock was located a few km southeast of the June earthquake.

Other notable crustal shocks include: continuing aftershock
activity in the northern Gulf of Alaska (near longitude 143° W and
south of latitude 59°N) from a sequence of three large earthquakes 
in 1987-88 (Lahr and others, 1988); a magnitude 4.4 mb shock on 
February 19 beneath northern Cook Inlet (61.0°N, 150.9°W) in an 
area that has experienced an elevated level of activity for about 
the last 2^ yr; a magnitude 4.1 mb event in western Alaska (61.9°N, 
160.1°W; not shown in figures) on January 26 and a magnitude 4.3 ML 
shock on June 28 (58.4°N, 155.8 0 W) 7 both in areas characterized by 
low rates of seismicity/ and a tightly clustered swarm of 17 events 
with magnitudes ranging from 0.9-3.2 that were located along the 
Lake Clark fault near 60.4°N, 153.7°W arjd occurred between January 
and April.

No unusual patterns of seismicity were observed in or around 
the Yakataga seismic gap.

2. The location program HYPOELLIPSE 
modified to compute travel times and 
that are located at a higher elevation
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This feature was required for use around volcanoes, due to their 
topographic relief and the very shallow depths of many of the 
volcanic events. The elevation (E0 ) of the "top" of the flat- 
layered velocity model is specified, and should correspond to the 
elevation in kilometers above sea level of the highest point in the 
region. Station elevations are also specified with respect to sea 
level, and a station may be located within any layer of the model. 
Earthquake depths are computed with respect to sea level, so 
negative depths, up to -E0 km, are allowed.

3. During July an active seismic experiment was conducted on 
Redoubt volcano. The permanent network, with seismic equipment at 
8 sites, was augmented by 20 PASSCAL instruments which were 
installed between July 3 to 9 and removed on July 25 and 26. The 
PASSCAL instruments were arranged in three linear arrays, extending 
from the summit down the flanks of Redoubt to the north, southwest, 
and southeast. Four 1000-lb charges were detonated, three in 
glacial kettles near the end of the arrays, and one in a glacial 
crevasse a few hundred meters south of the dome.

Preliminary analysis of data from the shots has been used to 
develop a new velocity model for Redoubt. The new model was used 
to relocate seismic activity that accompanied the 1989-1990 Redoubt 
eruption (Figure 4).

4. Preliminary results from a more detailed analysis of seismic 
events from the energetic swarm that beginning about one day prior 
to the initial eruption of Redoubt volcano on December 14, 1989, 
have shown that for at least the first 16 hr nearly all of the 
events have strikingly similar waveforms. Moreover, although the 
dominant frequencies in the spectra of the events vary with station 
distance and azimuth, spectral peaks occur at the same frequencies 
for all of the stations. These observations suggest that the 
events may have been generated by repeated excitation of the same 
source. Initial modelling (Bernard Chouet, personal communication, 
1991) has shown that the observed spectral characteristics can be 
explained by vibrations within a single fluid-filled crack having 
dimensions on the order of 250 m.

5. A new velocity model that includes station corrections has 
been derived for the area around Mt. Spurr using local earthquakes 
that were well-recorded by the recently upgraded network. Using 
this model the average RMS residual for a set of 1,399 earthquakes 
that occurred between 1980-1989 was reduced from 0.20 to 0.05 s, 
and concentrations of hypocenters appear to be more tightly 
grouped. Beneath the volcanic edifice, seismicity occurs between 
depths of 2 and 9 km below the summit, and at least five distinct 
centers of seismicity can be resolved: a main cluster about 4 km 
across that has been continually active since at least 1980, a 
second cluster offset 2 km to the north which primarily comprises 
earthquakes from an intense swarm that occurred in 1982 (Page and 
others, 1982), two less active zones centered about 7 and 15 km 
west of the main cluster, and a zone beneath Crater Peak 4 km south 
of the main cluster which was the locus of a swarm that occurred in
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August 1991. A previously diffuse zone of seismicity centered 
about 15 km south of Mt. Spurr near the Chackachatna River now 
appears to contain at least three clusters that together form a 
zone with a distinct SW-NE trend subpar&llel to but offset by about 
5 km to the northwest 'from the Lake Clark fault.

6. Absolute pressure transducers were installed at Anchorage, 
Sterling, and Homer, and a differential pressure transducer was 
installed at the Drift River (DFR) seismic station 12 km north of 
Redoubt volcano. These sensors will be used in conjunction with 
seismic data to monitor the Cook Inlet volcanoes for explosive 
eruptions.
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Figure 3. (upper) Relocated epicenters of the April 26 mainshock 
and six aftershocks determined using a homogeneous set of seismic 
phases. Axes of 68% confidence error ellipsoids are shown as bars. 
Focal mechanism of the mainshock determined from initial P-wave 
polarities is shown as equal area projection of lower hemisphere, 
compressional quadrants shaded. (lover) Hypocenters projected onto 
vertical plane oriented along line A-A' indicated above. Note 1:2 
vertical exaggeration and that top of depth axis is at 37 km.
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Figure 4. Map and north-south oriented cross section of volcanic 
activity recorded near Redoubt volcanoi during December 1989.
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Kenneth R. Lajoie 

Branch Engineering Seismology and Geology
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345 Middlefield Road MS 977
Menlo Park, California 94025

(415)329-5747

Investigations

The principal subject of investigation is the study of recent and coseismic deformation along 
the Pacific coast of the United States with. Particular focus is in the southern California area. 

Opportunistic investigations outside this subject and area are undertaken when necessary, or if 

data pertinent to the general field of coastal tectonics can be obtained at minimal cost and effort.

1. Mono Basin earthquake, October 23, 1990. With Malcolm Clark, David Hill, Alan Lindh, 

David Openheimer and James Yount.

2. Coastal tectonics central Chile. With Steve Ward (UC Santa Cruz) and Sergio Barientos (U 

Chile).

3. Pleistocene deformation Los Angeles Basin, California. With Steve Ward (UC Santa CRuz) 

and Dan Ponti.

4. Pleistocene deformation Camarillo Hills Ventura County, California. With Dan Ponti and 

Chuck Powell.

5. Pasadena earthquake, June 27, 1991. With Dan Ponti.

6. Feasibility study of ESR dating technique. With Tracy Furutani. 

Results

1. A M5 earthquake struck Mono Basin east of Yosemite National Park on October 23, 1990 at 

11:15 P.M. POST. Seismic data (Openheimer) show that one foreshock preceded the 
mainshock by eight seconds, and at least 67 aftershocks occurred between October 24 and
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December 22. Because the seismic network east of the Sierra Nevada is sparse, derived 

epicenters and focal depths are fair to poor. First^motion data from the foreshock, the 

mainshock and two aftershocks indicate the rupture occurred on either a plane striking 
332° and dipping 75° southwest, or a plane striking 55° and dipping 75° southeast. The 
trends of both planes parallel the trends of regional faults (Figure 1), including the nearby 
Sierra Nevada range-front fault. The direction of extension for normal-oblique slip on 
either plane parallels the direction of estimated regional extension based on geologic data. 

However, neither seismic nor geologic data constrain the rupture to either possible plane. 
The rupture could have occurred on the range-front :ault, or on a fault antithetic to it. The

initial magnitude estimate of 5.7-6.0 from seismic stations west of the Sierra Nevada

suggested possible ground rupture and serious damage from primary and secondary seismic 
effects. Field observations (Clark and Yount) revealed no surface rupture on faults in the 
epicentral region and only minor damage in Mono Basin and the surrounding area. The 

damage consisted mostly of minor landslides in road cuts and objects knocked from shelves. 
The sparse data indicate a maximum Modified Mercalji intensity of V to VI about 6 km south 

of the epicenter. The earthquake was felt in San Francisco, 290-km west of Mono Basin. 

This fact and the initial overestimation of the magnitude suggest that seismic attenuation 
through the root of the Sierra Nevada is lower than previously assumed.

2. Preliminary data from emergent marine terraces at a few localities in central Chile between 
latitudes 28° and 38° south yield regional uplift rates of 0.1 to 0.4 m/ka. Fluvial terraces 

along a few of the major rivers reveal no tilt perpendicular to the coastline over at least the 
last 1.2 my. Tilted marine terraces and uplift rates greater than 1.0 m/ka are rare and 
where present probably reflect local complications in the otherwise uniform subduction 

process. On the Arauco Peninsula (38° south) three emergent Pleistocene strandlines are 

warped across a broad anticline (Kaizuka and others, 1973). Assuming an age of 120 ka for 
the lowest strandline yields an uplift rate of 1.9 m/ka at the axis of the fold; this rate is 
among the highest known Pleistocene uplift rates in the world. Mocha Island and Santa maria 

Island, which lie north and south of the headland of the Arauco Peninsula, respectively, both 
have extensive sets of emergent Holocene strandlines. Correlating the highest strandlines on 
Mocha and Santa Maria with the break in the Holocene sea level curve yields uplift rates of 

6.6 and 2.9 m/ka, respectively. On Mocha at least 31 beach ridges form up to eleven poorly 
defined terraces, but no ridge or terrace can be traced around the island. The highest terrace 

at 35 m correlates with the sea-level curve at 7.2 ka and -14 m. On Santa Maria up to 41 

beach ridges also form eleven poorly defined terraces. The highest terrace at 12 m 

correlates with the sea-level curve at 5.1 ka and -5 m. The origin of the ridges and terraces 

on these two islands is uncertain. The terraces might reflect coseismic uplift and the ridges

might reflect major storms. In any event, the rapid

significant coseismic slip on steeply dipping secondaiy faults above the main megathrust. If
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so, the coseismic slip on the megathrust during the great 1960 earthquake may have been 
uniform, not variable as previously modeled. Also, a small rupture on a steeply dipping 

secondary fault could produce greater uplift than a major rupture on the megathrust.

3. Data from space geodesy reveals about 8 mm/yr of north-south crustal shortening in the 

northern part of the Los Angeles basin between the San Gabriel Mountains and the Palos 

Verdes peninsula (Ward). Geomorphic data suggest that most of this movement occurs on the 
north dipping frontal fault system along the southern margin of the San Gabriels (Lajoie). 

But, some of the movement most likely occurs on the southeast dipping Palos Verdes fault. 
Slip on the Palos Verdes fault could be estimated by inverting the crustal deformation 
reflected in the numerous emergent Pleistocene marine terraces that notch the flanks of the 

Palos Verdes Peninsula (Ward). Published data from Woodring and others (1946) were 

revised to estimate the elevations of the shoreline angles of the terraces (Lajoie). The ages 
of terraces 5 and 7, the two most continuous terraces, are estimated to be 295-355 and 

580-780 ka, respectively. These ages are derived by extrapolating an uplift rate of 0.21 

m/ka based on amino-acid age estimates of three lower terraces (Ponti, Lajoie). If the 

uplift of the Peninsula results entirely from repeated thrust displacements on the Palos 

Verdes fault it is possible to estimate its geometry and slip rate. Preliminary computer 

modeling (Ward) indicates that earthquakes of magnitude 6.0 and 6.5 would recur every 
150 and 900 years, respectively.

4. Recent excavations for residential development in the Camarillo Hills in Ventura County 
exposed a thick section of Pleistocene continental and marine sediments, which are warped 

into a tight anticline. The topography of the hills mimics the anticline, indicating young and 

possibly ongoing deformation. We (Ponti and Lajoie) visited the site to map the 

stratigraphy, collect sediment samples for paleomagnetic analysis and collect fossil shells 
for dating purposes. The fossil assemblage is similar to many other warm embayment 

assemblages in the Los Angeles basin believed to correlate with the 300-ka sea-level 
highstand (Powell). Our preliminary paleomagnetic data indicate normal polarity, but 

paleomagnetic data by others suggests that part of the section has reversed polarity. Amino- 

acid and ESR data should provide a more secure age for these highly deformed sediments.

5. A M6 earthquake struck the Pasadena area on June 27, 1991 at 7:45 A.M. POST. We (Ponti 

and Lajoie) were in the Camarillo area at the time and proceeded to Pasadena to investigate 

possible primary and secondary effects. We found no surface rupture at several localities 

where the Sierra Madre fault is well exposed. Secondary effects included landslides on steep 

slopes and significant structural damage, mainly to brick buildings and chimnies.

6. While investigating various aspects of dating Quaternary marine shells by the ESR 

technique, a means of dating carbonatites was established. Also, ESR data from marine shells
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at a primary test site near Santa Barbara yield a preliminary age of 122 ka. Previous 
amino-acid data yielded a suspect age of 40-60 ka. Natural radiation (gama) levels in the 
ground were estimated for several sites in central Chile by conducting ESR analyses of fossil 
marine shells from marine terraces whose ages have been reasonably estimated.

Reports

Clark, M. C., Hill, D., Lajoie, K. R., Lindh, A. R., Openheimer, D. and Yount, J. C., 1991, Mono 

Basin Earthquake of October 23, 1990: USGS administrative report.
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Geodetic Strain Monitoring

9960-02756

John Langbein

Branch of Tectonophysics
U.S. Geological Survey

345 Middlefield Road MS/977
Menlo Park, California 94025

(415) 329-4853

Investigations
Two-color geodimeters are used to survey, repeatedly, geodetic networks within 
selected regions of California that are tectonically active. This distance measuring 
instrument has a precision of 0.1 to 0.2 ppm of the baseline length. Currently, crustal 
deformation is being monitored within the south moat of the Long Valley caldera in 
eastern California, across the San Andreas fault at Parkfield, California, at three loca­ 
tions near Palmdale, California on a section of the San Andreas fault that is within its 
Big Bend region, and at two locations near Pinon Flat, California. Periodic comparis­ 
ons with other other two-color geodimeters are conducted both at Parkfield and at 
Mammoth Lakes. These intercomparisons measurements serve as a calibration to moni­ 
tor the relative stabilities of these instruments.

Results

1. Long Valley Caldera
The line length changes measured using a two-color geodimeter still show high exten­ 
sion rates within the Long Valley Caldera. Figure 1 shows the line-length changes 
measured from mid 1983 to 27 monuments using our centrally located monument at 
CASA. The location of these baselines along with other baselines that are infrequently 
measured is shown in Figure 2. As discussed in previous Technical Summaries, the 
rates of extension decreased steadily from mid 1983 through mid 1989. However, in 
October 1989, the extension rates picked-up dramatically, most notably for KRAKA- 
TAU and KNOLLS. Several months after the noted increase in strain rate, the rate of 
earthquake swarm activity increased. This temporal relation between deformation and 
seismic activity is illustrated in Figure 3.
By modeling the geodetic data since 1983 using a combination of point sources to 
represent magma intrusion and rectangular dislocations to represent fault slip in the 
south moat, we have inferred that the most recent round of deformation is primarily a 
result of inflation directly beneath the central part of the resurgent dome of this cal­ 
dera. In contrast, the deformation during 1983 to 1985 was a result of a combination 
of right lateral fault slip in the south moat and broad zone of inflation within the resur­ 
gent dome. The results from modeling suggest that the inflation sources have 
remained at 7 to 8 km depth for the past 8 years.
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2. Parkfield
Frequent measurements of a 17 baseline networks are made for a geodetic network 
near Parkfield, California. Approximately one-half of these baselines straddle the San 
Andreas Fault along the segment that last ruptured in 1966. The data from these base­ 
lines are shown in Figures 4a and 4b.
In Figure 5, I have taken the liberty to compress the measured length changes into a 3 
component model which facilitates the detection short-teim anomalies. In this particu­ 
lar model, I have extracted parameters for slip of the Sab Andreas fault, areal dilata­ 
tion, and tensor shear along the San Andreas. The modeled slip is for the 5 km long 
segment centered at CARR and it is assumed that the inferred slip is uniform from the 
surface down to 20 km. Of course, the measured line-length changes are most sensitive 
to the shallow component of slip. The inferred shear strajn factors into the slip (or its 
deficit) that has not been adequately modeled by the slip on the CARR segment and 
adjacent segments NW and SE of CARR. Finally, the aretal dilatation is a combination 
of both tectonic dilatation plus and changes in the stability of this particular instru­ 
ment. The stability is periodically checked with a second, two-color instrument. 
These periodic measurements have shown that the apparent large fluctuations in areal 
dilatation as measured by the Parkfield instrument durirtg most of 1989 and part of 
1990 are most likely caused by drift of the Parkfield instrument. The bottom trace 
shows the difference in the apparent dilatation of the two instruments. If it is assumed 
that the second instrument has not drifted, then the correlation between the differential 
measurements in the last trace are correlated with the areal dilatation detected by the 
Parkfield instrument.
The high background shear strain rate of Q.lppmlyr is a result of the model assumptions 
of zero slip rate below 20 km and to the'NW and to the SE of the CARR segment. 
Had we used more realistic rates for these patches on the fault plane, the value of sec­ 
ular shear would be reduced. Finally, a change in shear strain could be caused be a 
change in slip on these unmodeled segments or a regional change.
The apparent long-term variations, especially in shear, are purely an artifact of the 
model being a poor fit to the entire data set. In computing these parameters, the com­ 
puter algorithm fits a time function of these three parameters to a 3 month long epoch.
To extend the model in time by 2 months, a second set of
the following 3 month interval having a 1 month overlap with the first epoch. The
parameters from the 5 month long interval are combined

parameters are estimated for

using the results from the 1
month long overlap. This process was continued for the time span since mid 1986. 
Although the model from any 3 month epoch provides ah adequate fit to its 3-month 
long data section, the predicted line-length changes froni the model over the 5 year 
interval do not fit the observations.

3. Palmdale
We currently measure the line-length changes from 3 networks near Palmdale, Califor­ 
nia. The concept for these networks is to monitor variations in strain accumulation 
both spatially and temporally within a confined tectonic setting. The results from 2 of 
these networks are shown in Figure 6 and in the table. For the third network, known 
as the Buttes, we have only two measurements of line-lengths, one set that has made 
in March 1991 and the second was made 6 months later. ] Because of the short interval, 
we have not computed the strain rate for this network. However, data from the Buttes 
should be an important component in estimating the spatial distribution of strain since 
this network is located approximately 35 km north of the San Andreas Fault in the
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Mojave desert.
The other two networks straddle the San Andreas fault, but are located approximately 
50 km apart. The Pearblossom network consists of 12 radially distributed baselines 
that are use a single monument as the central instrument station. In contrast, the Palm- 
dale network consists mostly of a subset of baselines that were measured by the Geo- 
dolite. We currently use four stations, BURN, LEONA, MINT and RITTER RIDGE as 
central stations and measure distance using a two-color geodimeter to those monu­ 
ments that are within 10 km of these central points. To make each of the four sub­ 
networks with a radial distribution of baselines, we have installed a few extra monu­ 
ments. Thus our Palmdale network consists of 30 baselines which can be measured 
with the two-color.
At Pearblossom, we now have measurements of line length change since 1980 for this 
radial network that spans the San Andreas fault. As discussed in previous reports, the 
stain accumulation has been simple shear across the San Andreas fault at a nearly 
steady 0.233 ± 0.004 ppm/yr (tensor).
At Palmdale, we currently seven measurements of this network since early 1989. The 
reduction of these line-length changes into strain accumulation is preliminary since the 
observations have not be thoroughly checked for survey errors and operator blunders. 
However, as the data in Figure 6 and the secular strain rates in the table indicate, the 
temporal character and the magnitude of strain accumulation for these two networks 
are similar. Note that in the figure and in the table, I have used coordinates that are 
parallel and normal to the local strike of the San Andreas fault, N65W.

Secular Strain Rates 
relative to N65W

Network
Fault Parallel 
Fault Shear 
Fault Normal
Dates

Pearblossom
-0.028 ± 0.005 ppm/yr 
+0.233 ± 0.004 ppm/yr 
-0.019 ± 0.005 ppm/yr

1980.82 - 1991.79

Palmdale
+0.024 ± 0.053 ppm/yr 
+0.171 ± 0.042 ppm/yr 
+0.031 ± 0.052 ppm/yr

1989.09 - 1991.78

4. Pinon Flat and Anza
We have also been monitoring the strain accumulation in two networks that are located 
in the area of the Pinon Flat Observatory which is operated by UC San Diego. The 
location of these two networks is shown in Figure 7. The Pinon network, which uses 
the central monument at GREEN, was initially surveyed in early 1986 and has been 
remeasured between 3 to 4 times each year. Since this network is fan shaped rather 
than the more conventional radial configuration, the effect the stability of individual 
monuments becomes a significant factor that adds noise to our inference of strain accu­ 
mulation. The results of calculating strain accumulation at Pinon from the two-color 
geodimeter measurements are shown in Figure 8 and in the table below. Although the 
secular rates are on the order of 0.1 ppm/yr, the variation in strain between successive 
surveys is between 0.1 and 0.5 ppm. Most likely, the apparent high noise is due to the 
less than optimal configuration of this network.
The Anza network consists of two central stations, OPENVIEW and TABLE, and 
several other stations near the San Jacinto fault. Over the past 3 years, we have 
detected a significant, 0.23 ± 0.02 ppm/yr, of fault shear which has been accumulating
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steadily. Because these two sub-networks are nearly radial, the variations in strain 
about a secular rate is less than that observed at Pinon. We also detect that the rate of 
fault shear strain decreases by a factor of 2 from the Anza network to the Pinon net­ 
work.

Secular Strain Rates 
relative to N45W

Network
Fault Parallel 
Fault Shear 
Fault Normal
Dates

Pinon
-0.107 ± 0.015 ppm/yr 

+0. 109 ± 0.014 ppm/yr 
+0.170 ±0.023 ppm/yr

1986.21 - 1991.73

Anza
-0.1 10 ±oi)35 ppm/yr 
+0.228 ± 0.023 ppm/yr 
+0.070 ± 0.023 ppm/yr

1988.33 - 1991.79

5. Northern California
During the summer of 1991, we established two geodetic networks designed to meas­ 
ure strain accumulation due to subduction of the Gorda Plate near Crescent City, Cali­ 
fornia. The first network is located approximately 20-^m from the coast and consists 
of 11 baselines in the area known as the High Plateau. The second network is located 
90-km further inland from the first near Fort Jones, California. This network consists 
of 8 baselines. We expect to remeasure these networks infrequently over the next 5 
years. With two accurate measures of the strain rate provided by these networks, we 
can test the hypothesis of whether the Gorda Plate is lopked beneath the North Ameri­ 
can Plate.
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FIGURE L A plot of changes in line length for the baselines that use CASA as a 
common station. The line-length changes have been normalized to the nominal base­ 
lines length therefore transforming the displacements from units of mm to parts per 
million (ppm). The error bars represent plus or minus one standard deviation.

FIGURE 2._ The location of the baselines that are measured using a two-color geodim- 
eter are shown along with the location of the boundaries of the Long Valley caldera 
(solid line) and the resurgent dome (dashed line).

FIGURE 3. Plot showing the relation between inflation of the caldera and the seismi- 
city within the caldera since mid 1983. The bottom plot shows the time and size of all 
earthquakes greater than Ml.5 that occurred within the caldera. The upper panel shows 
the cumulative moment release of caldera quakes (and those under Mammoth Moun­ 
tain, too) (scale on left), and the extension observed on the baseline CASA- 
KRAKATAU which nearly spans the resurgent dome (scale on right).

FIGURE 4a. Plot of the two-color geodimeter data for measurements of line-length 
changes since mid 1984 for those baselines that cross the San Andreas fault near 
Parkfield. The error bars represent one standard deviation of each observation. The 
data as plotted has had a linear trend removed and the computed secular rate is next to 
the plot of the residuals.

FIGURE 4b. Same as Figure 4a except that these baselines do not cross the San 
Andreas fault.

FIGURE 5.^ Results of computing fault slip, areal dilatation, and shear strain from fre­ 
quent measurements of 15 out of the 18 baseline network at Parkfield. The utility of 
this analysis is to examine short-term variations in the deformation near Parkfield. 
Also plotted are the results of the variations in "length-scale" of the Parkfield instru­ 
ment relative to the length-scale of the portable geodimeter. Notice that the large steps 
in dilatation in April 1989 and in May 1990 mimic the variations in length scale. Dur­ 
ing that interval, the Parkfield instrument clearly had instrumental problems. For 
further discussion of this plot, see the text.

FIGURE fr The cumulative strain changes observed both at Pearblossom network and 
at Palmdale network using measurements from a two-color geodimeter. The coordi­ 
nates have been rotated into a fault parallel (N65W) and fault normal system. The 
error bars represent the formal one-standard deviation level from propagating the indi­ 
vidual standard errors of the measurements and normalized to the expected misfit of a 
model of spatially uniform strain accumulation.

FIGURE 7.
Map showing the locations of the baselines near Pinon Flat and Anza that are meas­ 
ured using a two-color geodimeter. Typically, the Pinon network which uses the cen­ 
tral monument at GREEN is measured 3 to 4 times each year, but the other baselines 
of the Anza network are measured twice each year.
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FIGURE 8,. The cumulative strain changes observed both at Pinon network and at 
Anza network using measurements from a two-color geodimeter. The coordinates 
have been rotated into a fault parallel (N45W) and fault normal system. The error 
bars represent the formal one-standard deviation level from propagating the individual 
standard errors of the measurements and normalized to the expected misfit of a model 
of spatially uniform strain accumulation.
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Fault crossing Baselines
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JUNK2.0UT
DETRENDED

13-NOV-91 16:07:06

L MID-E

L BUCK

L BARE

L CAN

L NORM

L TABLE

L HUNT

L MEL-S

L TURK

L GOLD

R THOMRAIN

CUT

2.00 mm extension

L MID-E(15A) 
(-14.128+/-0.009)

2.00 mm extension

L BUCKM5B) 
(-1O.60B+/-0.01 1)

2.00 mm extension

L BARE(16) 
(-9.940+/-0.010)

2.00 mm extension

L CAN(1) 
(-B.757+/-0.012)

2.00 mm extension

L NORM(2B) 
(-0.71 1+/-0.049)

2.00 xnxn extension

L TABLE(3) 
(4.874+/-0.014)

2.00 mm extension

L HUNT(4) 
(8.187+/-0.008)

2.00 mm extension

L MEL-S(5) 
(B.494+/-0.013)

2.00 mm extension

L TURK(6B) 
(9.903+/-O.OOB)

2.00 xnxn exteneion

L GOLD(7) 
(9.723+/-0.032)

1.00 inchea rain 

R THOMRAIN
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Non  fault crossing baselines
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JUNK1 .OUT
DETRENDED

2

13-NOV-91 16:19:03

L CREEK

L MASON-W-

L TODD

L HOG-9

L LANG

L POMO

L PITT

L MID

R THOMRAIN

CUT

2.OO mm *xt*n>lon

L CREEK(8) 
(1.452-»-/-O.O12)

2.OO znzn  xtvnalon

L MASON-W(9) 
(-O.7B5-»-/-O.012)

2.OO mm  xtvnalon

L TODD(10) 
(0.029+/-0.011)

2.OO znzn  xtvnalon

L HOG-S(1 1) 
(O.31 H-/-0.01 1)

2.OO znzn  xtcnaion

L LANG(12) 
(1.423+/-0.010)

2.OO znzn «xt«n«lon

L POMO(13A) 
(3.O5B-I-/-0.015)

2.OO znzn  xtvnalon

L PITT(13B) 
(-O.2B9+/-O.O22)

2.OO znzn  xtvnalon

L MID(14) 
(-2.1B4-H/-0.011)

1.OO inch«> rain 

R THOMRAIN

CMT

Non  fault crossing baselines
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Model of slip and strain from two   color data

JUNKX.OUT
DETRENDED

13-NOV-91 17:05:16

L CAR SLIP

L SHEAR STR

L DILATATION

3ALIB *.1PPM

2.0 mm
L CAR SLIP 

(12.967+/-0.012)

0.2 ppm

L SHEAR STR

0.2
L DILATATION.

0.2 ppm

L 2*CALIB
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Strain changes from. Pearblossom and Palmdale

NORMAL STRAIN!

PALMDALE

NORMAL STRAIN-PEARBLOSSOM

SHEAR STRAIN

PALMDALE

PEARBLOSSOM 

SHEAR STRAIN

PARALLEL STRAIN

PALMDALE

PARALLEL STRAIN 

PEARBLOSSOM

OlfT

0.2 ppm

0.2 ppm

0.2 ppm

0.2 ppm

0.2 ppm

0.2 ppm

1981198219831984198519861987198819891990 1991 CMT

Strain changes from Pearblossom and Palmdale
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ANZA & PFO TWO-COLOR NETWORKS
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Strain change from Pinon and Anza networks

OUT

PARALLEL STRAIN-AN2A

PARALLEL STRAIN-PINON

SHEAR STRAIN-AN2A

SHEAR STRAIN-PINON

NORMAL STRAIN-ANZA

NORMAL STRAIN-PINON

0.4 ppm

0.4 ppm

0.4 ppm

0.4 ppm

0.4 ppm

0.4 ppm

1987 1988 1989 1990 1991 GUT

Strain change from Pinon and Anza networks
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Parkfield Prediction Experiment

9960-04561

John Langbein

Branch of Tectonophysics
U.S. Geological Survey

345 Middlefield Road MS/977
Menlo Park, California 94025

(415) 329-4853

Investigations
This project coordinates the different experiments at Parkfield run by both USGS and 
non-USGS investigators. Some of the experiments are focused on the prediction in the 
short-term of the next Parkfield earthquake. Other experiments will document pre- 
seismic, the co-seismic, and post-seismic events. Both data from seismicity and from 
deformation are examined for significant events. This project has been examining the 
formal rules used in either calling an "alert" or "status-level".

Results

1. Significant Signals
The table summarizes the events in the past 1.75 years {hat meet established criteria to 
be called either an "alert" or "x-level status". For purposes of semantics, low-level 
signals which meet the "C" and "D" levels are called! "status-levels", and the larger 
signals which meet the "A" and "B" levels remain as "alerts".
The most notable event during the course of this experiment is the B-level alert in 
March 1991. As noted by the table, Parkfield had Substantial rainfall during that 
month. Although the two, simultaneous creep events at XPK1 and XVA1 were in 
excess of 5 mm, there were no other signals detected on neighboring strain instruments 
or geodetic networks. We can only conclude that these events were a result of shallow 
slip with a depth of less than 0.1 km. The rain also triggered other creep events and 
surges on other Parkfield creepmeters. The apparent surge on X461 was in reality a 
flooded instrument.

2. Rain and Creep
I have examined both the creepmeter and rainfall data from Parkfield and I have 
estimated the amount of rain necessary (but not sufficient) to trigger fault creep. Three 
observations are important; 1) Heavy rainfall does not always trigger creep. 2) Some 
creepmeters are more sensitive than others to the effects of rain. 3) The amount or 
intensity of rain is not linearly related to the ensuing creep. I can only give a lower 
bound on the amount of rain that is necessary to trigger a creep event. If significant 
creep of more than 1 mm over 7 days has been detected and if more than 20 mm of 
rain has occurred on any single day during the 7 day window, then the creep can be
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considered to be triggered by rainfall. I propose that in the future when creep occur­ 
ring under these circumstances that formally meets a status level, then we discount the 
level by one letter grade. For instance, last March's B-level alert from creep should be 
discounted to a C-level status because of the heavy rainfall.
The data that I used to establish the relation between rainfall amounts and creep are 
from two sources. The rainfall data are daily amounts of precipitation observed since 
1961 at the Thomason Ranch located 2 km north of Parkfield. Because the data are 
recorded manually, there may be errors in recording the observations. Nonetheless, 
this set is the most complete record that we have for Parkfield. Our digitally recorded 
rain gauges were installed in 1985. Since most of the creepmeters were installed well 
before 1985, using the Thomason rainfall record maximizes the number of observed 
creep events. Although creep is recorded at 10 minute intervals, only the most recent 
two years of 10-minute data are accessible from the computer. However, we have data 
available from each instrument's installation date up to the present which have been 
decimated to a daily value to conserve disk space. Because the records of creep and 
rain were compared using daily values, the actual timing between the creep event and 
its possibly correlated rainfall is uncertain by plus or minus one day. So with this as a 
caveat, I used two schemes to relate creep and rain.
In the first scheme, I found all creep "events" which exceeded 1 mm in one day for all 
11 creepmeters in the Parkfield region. I found 52 "events" excluding the effects of 
the 1966 earthquake recorded on the creepmeter CRR1. Of these events, 8 events 
coincide with either Coalinga or the Loma Prieta earthquakes, or in one case, excava­ 
tion near the instrument XMM1 in 1986. Of significance are 9 "events" and possibly 
3 others which had rain either in the week preceding the event or rain on the day of 
the event. For these 9 rainfall "induced" events, approximately 20 mm or more of rain 
fell during one day in the preceding week.
The second method found all creep events that exceeded 1 mm over a seven day 
period which qualifies the events at the D-level. This method found all the events from 
the first scheme plus many more. Of the 106 identified creep events, 9 were triggered 
by either the Loma Prieta or the Coalinga earthquakes, 1 was triggered by excavation 
near the creepmeter, and 33 followed rain falling within the previous 7-days. Shown 
Figure 1 are the values of the observed creep and the maximum amount of daily rain­ 
fall during the week previous to the creep events. Of the 33 rain related events, 11 of 
the events occurred on XPK1 and 6 occurred at XMM1. Although the amount of rain­ 
fall and triggered creep are not correlated, it appears that 2-cm of rain is necessary to 
trigger the larger creep events.

3. Review of criteria of status levels
We are investigating the use of a matched filter to identify signals from the network of 
instruments used to measure deformation. There are several advantages of the 
matched filter; 1) Quantifies the confidence that a signal differs from the background 
noise level of the instrument. 2) We can use the same technique on all instrument 
types. And, 3) the statistic are simple once the time-series from an instrument has been 
pre-whitened. To date, I have looked at the application of this technique for creepme­ 
ter, and to a lessor degree, the two-color network and the water well network.
The concept of a matched filter is described in text books on communication theory. 
Basically, the filter runs a cross-correlation between the data and a signal which is a 
specified function and then dnormalizes the result to the power density spectrum of the 
data noise. For the Parkfield data, I have been using functions that describe rate
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changes from the background secular rate. Using this technique, I can obtain sensi­ 
tivity curves for each instrument once its power density spectrum is estimated. Figure 
2 shows the results for four creepmeters in the Parkfield network. For instance, for an 
averaging time of 3 hours, the XMM1 instrument can detect a 0.018 mm creep event. 
The signal to noise ratio, p = 1.0 for this sized event with a corresponding 68% 
confidence. Should the event be twice 0.018 mm, the signal to noise ratio is doubled 
and the confidence level 95% that this event differs from the background rate. At 24 
hour intervals, this instrument is less sensitive to cumulative slip, having only a 0.07 
mm threshold for p = l. The reduced sensitivity comes from the power density function 
having f~2 frequency dependence.
With the sensitivity as a function period determined for each creepmeter, I then used 
the matching filter technique to identify "events" from data from 12 creepmeters since 
January 1989 through mid 1991. Clearly, with the high sensitivity (0.05 mm) that is 
described in the previous paragraph and the large creep events (0.5 mm) identified in 
the table, the matched filter would find many events having p > 2. Figure 3 summar­ 
izes the statistics for creep. For a given averaging interval, I have counted all events 
that exceed a prescribed signal to noise ratio (p2). The first observation is that we 
identify orders of magnitude more "creep" signals having p2 > 4 than that predicted had 
the data been purely brownian noise. Secondly, if we k>nly wanted to average one "D- 
level" event in each month, then we would we would adjust our threshold levels. For 
example, using p2 = 2000 for the 3 hour averaging interVal would give us approximately 
of one "flagged" event each month from all of the 12 instruments. Using this value of 
signal to noise on the 0.018 mm sensitivity of XMM1 would correspond to a 0.8 mm 
creep event in 3 hours, which is within the range of 1.5 mm prescribed in the Parkfield 
Scenarios and Response plan.
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Table. 1990 Parkfield alerts.

Date
900125
900129 
900206
900330

900427

900512
900606

900729
900802
900807
900828
900908 
900910 
900911
900930 
901001 
901001
901006
901019
901023
901114 
901116 
901116
901128 
901130 
901130
901204
901211 
901211

Location
Middle Mm

Car Hill 
Joaquin Cyn
Middle Mm 

Middle Ridge 
Middle Mtn

Middle Ridge 
XVA1 

Middle Mtn
Slack Canyon
Middle Ridge 
Middle Mtn 
Middle Mm
Middle Mtn

Cholame
Middle Mm

Cholame
Turkey Flat 

Mid Mtn (PKF area) 
Slack Cyn (PKF area)

Mid Mtn 
Mid Mtn 
Mid Mtn
Mid Mtn

Middle Ridge

Middle Mtn 
Middle Mm 
Middle Mm
Middle Mtn 
Middle Mtn 
Middle Mtn
Middle Mtn

XMM1, XMD1 
Middle Mtn

Description
Earthquake
Shear Strain 
Water Level

Creep 
Creep 

Water Level
Creep 
Creep 
Creep

Earthquake
Creep 
Creep 

Water Level
Earthquake
Earthquake

Water Level
Earthquake
Water Level 
Earthquake 
Earthquake
Earthquake 
Earthquake 
Water Level
Earthquake

Creep
Two-color
Earthquake 
Earthquake 
Earthquake
Earthquake 
Earthquake 
Earthquake
Earthquakes

Creep 
Water level

Size
M1.5

-2 cm
0.6 mm 
0.3 mm 
-15 cm
1.5 mm 
1.4 mm 
0.2 mm
M2.6

0.7 mm 
0.2 mm 
-12cm
M 1.6
M3.1
-4 cm
M2.9
3cm
M3.3 
M3.3
M1.7 
Ml.l 
-12 cm
M2.3

0.85 mm
Dilatation

M3.2 
M2.2 
M1.3
M2.2 
M2.8 
M1.8

M1.7, M1.5
1 mm 

-13 cm

Level
D
D 
D
D 

D
D

D

D 
D
D
D
D
D
D 
D 
D
D
D 
D
D
D
D
C
D

D 
C
D
C
C
D

Comments

ends 900215; NOT combined to 
possible instrument problems

Two adjacent creepmeters 

combine with creep to C

30 min after XMD1 
2 hours after XVA1

combine with creep to C

C;

combine with water to C 
combine with water to extend C

extends existing D 
combine with seismicity to C

ended 901 113

combine with 901114 to extend 
combine with M2.2 to D

C

Note. Right lateral creep, water level rises, and compressive strain are positive. 
1990 Combined Alert Totals: 8 C alerts, 11 D alerts.
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Table. 1991 Parkfield alerts.

Date
910109
910121
910201 
910204
910205
910210
910307
910311
910319 
910319 
910322 
910327 
910330 
910331 
910331
910409 
910410 
910412
910426
910506
910508
910521 
910521
910711
910722
910726
910806
910903
910925
911018 
911020 
911020
911108

Location
Parkfield

Cholame Valley
Middle Ridge 

Cholame Valley
Middle Mtn
Middle Mtn

SW Trace (Hearst)
Middle Mtn

XPK1 and XVA1 
XMM1 

Middle Mtn 
X461 
X461 

XMM1 
Middle Mountain
Middle Mountain 
Middle Mountain 
Middle Mountain
Middle Mountain
Middle Mountain
Middle Mountain

XMM1 
Middle Mountain
Middle Mountain
Middle Mountain
Middle Mountain

Slack Canyon
Middle Mountain
Middle Mountain

Parkfield 
XMD1 & XMM1 
Middle Mountain

Slack Canyon

Description
Earthquake
Earthquake

Creep 
Earthquake
Earthquake
Earthquake

Creep
Earthquake

Creep 
Creep 

Earthquake 
Creep 
Creep 
Creep 

Water well
Earthquake 
Earthquake 
Earthquake
Earthquake
Earthquake
Earthquake

Creep 
Water Well
Earthquake
Earthquake
Water Well
Earthquake
Earthquake
Earthquake
Earthquake 

Creep 
Water well
Earthquakes

Size Level Comments
M3.1 D
M2.9 D

1.3 mm D 
M 2.8 D Combine to C
M2.1
M2.0

-5.4 mm
M1.8

D
D
D rain related
D

5 mm in 16 hours B raining 
Surge 3.3mm in 7 days D Rain in past week 

M2.2 D 
1.9mm in 7 days D rain in past week 

2.9mm D Surge over past 10 days 
0.8 mm in 30 minutes D 

9 cm D Familar combination, no C
M2.7 
M2.1 

M1.8 and M2
M 1.6
M1.9

D
C 2 earthquakes M>1.5 in 72 Hrs 
C
D
D

M 1.9 D
0.7 mm in 30 njin. D 

4 cm D Familar combination
M2.0 D
M 1.6 D
-12 cm
M2.7
M2.2
M2.2
M2.6 

2 events of 0.6mm i 
6 cm drop

D
D
D
D
D South end of M. Mtn. 

n 1 hr C 
D

M 2.8? D

Note. Right lateral creep, water level rises, and compressive strain aru positive.
1991 Combined Alert Totals: 1 B alert, 3 C alert, 29 D alerts.

Total alerts since beginning experiment: 1 B alert, 30 C alerts, 85 D alerts.
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Figure L^ Results of correlating rainfall triggered creep events and the amount of rain­ 
fall during a single day in the week before the creep event. See the text for more 
information.

Figure 2^ The results of using a matched filter to estimate the amount of slip needed 
over a specified interval for the signal to noise ratio, p = 1.

Figure 3.^ The number of creep events which exceeded a specified ratio of signal to 
noise. Here, 3 different averaging intervals, 3 hours, 1 day, and 1 week, were used in a 
matched filter to identify creep events and to quantify their signal to noise ratio. The 
value plotted as symbols are the result of counting the events from the output of the 
matched filter from 12 Parkfield area creepmeter over a 2.5 year interval. The 
smoothed line is a least squares fit of signal to noise to the actual counts. The dashed 
lines which fall rapidly would be the predicted number of events had the data been 
drawn from brownian noise.
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Amount of triggered creep and rainfall 
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Broad Band Regional Wave Propagation and Lithospheric Structure
in the New Madrid Region

Grant No. 14-08-0001-G2137

Charles A. Langston
Pennsylvania State University

Department of Geosciences
440 Deike Building 

University Park, PA 16802

(814) 865-0083 

Investigations Undertaken

An analysis of crustal structure under the IRIS station CCM (Cathedral Caves, 
Missouri) is in progress using teleseismic P wave and S wave receiver functions. 
The objective is to investigate crustal structure important to local and regional wave 
propagation for earthquakes in the New Madrid region. In particular, results of the 
structure study will be used to understand S wave propagation from the Cape 
Girardeau earthquake of 26 Sept. 1990 (Mb 4.7) and other small events near New 
Madrid. Detailed velocity structure is needed to understand aspects of P and S 
waveforms for use in source parameter inversion.

Results Obtained

A suite of teleseisms were collected for the CCM station through the IRIS Data 
Management Center. Three-component P waveforms with high signal-to-noise 
ratios were then processed to obtain teleseismic receiver functions. Processing 
consisted of the standard technique of deconvolving the vertical component from 
the radial and tangential components.

Figure 1 shows the high-quality radial receiver functions obtained from this 
deconvolution process. The primary characteristic of these data is that secondary Ps 
conversions and other scattered coda waves are quite small for this station. Of note 
are two presumed Ps conversions arriving approximately 6 and 7 seconds after direct 
P. These two conversions must by caused by structure near the Moho on the basis of 
arrival time. Tangential motions are quite small (not shown), being approximately 
one tenth the maximum amplitude of the radial motions. The generally small 
amplitudes of secondary radial phases and tangential motions indicate that the 
lithosphere under CCM is quite transparent, seismically speaking, and has few large 
velocity contrast interfaces or major lateral heterogeneity.

Nevertheless, a detailed look at the radial receiver functions of Figure 1 
shows that there are changes in relative amplitudes of the largest Ps conversions 
with source backazimuth. This may indicate the presence of interface dip on those

409



II

interfaces producing the conversions. This observation is subject to further study 
and analysis.

Figure 2 displays two earth models used for preliminary analysis of the radial 
data. The Ginzburg model is based on P wave refraction measurements and consists 
of a crust 41 km thick. Of note is a high velocity layer, the so-called "rift pillow" 
under the Reelfoot rift zone, just above the Moho. A synthetic radial seismogram 
was computed for an incident P plane wave under this plane layered structure and 
is shown in the top panel of Figure 3. The Moho and top of the high velocity layer 
produce two distinctive Ps conversions which are reminiscent of the data in Figure 
1.

However, timing of these two phases indicate that the overall crustal 
thickness must be larger to match those seen in the data. The Ginzburg model was 
modified by simply lowering the Moho and thickening the high velocity layer above 
it. This model is shown by the dotted line in Figure 2 and the synthetic response is 
shown in the lower panel of Figure 3. The timing of the Ps arrivals now match 
those in the data. In addition, a distinctive backswing after the second Ps conversion 
in the data suggests the existence of a low velocity zone (LVZ) below the Moho. A 
LVZ is needed to produce a Ps conversion of opposite polarity compared to those 
produced at the Moho and top of the high velocity layer. The LVZ is included in the 
modified Ginzburg model shown in Figure 2 and produces the phase annotated by 
the arrow in Figure 3. This LVZ structure effect needs verification through 
collection of more high quality P wave data and inclusion of other kinds of data sets.

The principal result of this preliminary modelling is that the crust under CCM 
may be as much as 13 km thicker than previously suspected. This result will be the 
object of further study with the incorporation of other data sets, specifically 
teleseismic SV waves, and previously collected refraction data.

Figure 4 shows a good example of S data from a deep South American 
earthquake recorded at CCM. The Tangential component shows a very simple S 
pulse. However, the vertical and radial SV waveforms display large Sp conversions 
and reverberations within the lithosphere. The SV wave ray parameter is 
comparable to the P wave slowness in the upper mantle. When an S to P 
conversion occurs in the crust, the resulting P waves are trapped within the crust 
and upper mantle. Figure 4 shows a particularly prominent SpPmP phase arriving 
after direct S. Both Sp and SpPmP constrain the depth of the Moho and location of 
other major interfaces within the crust and upper mantle. These data will be 
included in a simultaneous inversion of P wave and S wave receiver functions to 
constrain structure under CCM.

Reports Published

Langston, C.A. (1991). Crustal structure at Cathedral Caves, Missouri, inferred from 
teleseismic receiver functions (abstract), 63rd Annual Meeting Eastern 
Section, Seismological Society of America, Center for Earthquake Research
and Information, Memphis State University,
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Radial Receiver Functions
A = 43.7 Baz= 74.5
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39.4 162.1 **-

45.7 160.1
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55.6 320.7

Figure 1 - Radial receiver functions arranged by distance and backazimuth. 
The vertical lines show the arrival times of two, distinct Ps conversions. 
Time is in seconds.
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Figure 2 - Structure models for CCM station. The model shown 
by the solid line is based on P wave refraction measurements 
(Ginzburg et al, 1983, Deep structure of northern Mississippi embayment, 
AAPG Bull., 67, 2031 - 2046).
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Figure 3 - Synthetic radial displacements for the earth models of Figure 2. Important Ps 
conversions are annotated by arrows.
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Figure 4 - S waves recorded at CCM from a deep South American Earthquake. 
From top to bottom are vertical, radial and tangential motions. 
Important SV-to-P conversions are annotated by <irrows.
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Earthquake Hazard in the Santa Barbara Channel from Strain Rate Measurements 
Using the Global Positioning System

Contract 14-08-0001-G1956

Kristine Larson
Colorado Center for Astrodynamics Research

University of Colorado
Boulder, CO 80309

(303) 492-6583

Frank Webb
Jet Propulsion Laboratory, MS 238-624

Pasadena, CA 91109
(818) 354-4670

Investigation

The objective of our research is to measure strain rates across the Santa Barbara 
Channel. We repeated a GPS survey in this region which was first done in 1987. As part 
of our work, we installed reference marks at three sites

Reference Mark Installation

Prior to the field experiment, reference marks were established at three sites SOLEDAD 
1872 1934, Santa Rosa Island; CENTER 1874 1934, Santa Cruz Island; and LA 
CUMBRE, in Santa Barbara County. These marks were established and their positions 
surveyed with respect to the GPS mark using a Leitz SET2 Total Station with a 2" angular 
precision and 3 mm + 2 ppm distance precsion. Azimuth measurements were made with a 
Brunton Compass assuming a magnetic declination of 14°. These observations were then 
adjusted to obtain the best estimate of the reference mark offsets from the main marks.

GPS Survey

The 1991 Santa Barbara Channel GPS experiment was conducted June 3 through 6, 
1991. We made observations at 7 sites, as described in our previous report. We used 
Trimble 4000SST receivers, which were loaned to us by JPL and UNAVCO. 
Additionally, data were collected by Bendix (under contract to Goddard Space Flight 
Center) at Vandenberg. The GPS satellites were tracked on 4 consecutive days, from 
15:30 UTC to 23:00 UTC.

This summer we analyzed both the 1987 and 1991 campaigns using the GIPSY 
software developed by JPL. Precision of the baselines across the Santa Barbara Channel 
ranges from 2 to 8 millimeters. Interstation velocity estimates will be presented at the fall 
meeting of the American Geophysical Union in December 1990.

Availability of Data

The GPS data from this experiment can be obtained in the RINEX format from Kristine 
Larson, (303) 492-6583.
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Microearthquake Data Analysis 

2-9930-01173

W. H. K. Lee 
U.S. Geological Survey

Branch of SeismopLogy
345 Middlefield Road, Mail Stop 977

Menlo Park, California 94025
(415) 329-4781

Investigations

The primary focus of this project 43 the development of state- 
of-the-art computation for analysis of data from microearthquake 
networks. For the past six months I h^ive been involved in:

(1) Implementing Seismic Instrumentation for Topical Volcano 
Studies
In collaboration with Gray Jensen and Sam Rodriquez, I am 
designing and implementing seismic instrumentation for topical 
volcanic studies. Two portable arrays (one telemetered and 
one hardwired) are being implemented to meet the scientific 
objectives of volcano research. These two portable arrays are 
based in PC-technology, and are designed to have a dynamic 
range of about 90 db. The hardwired array will have 64 
channels, and the digital telemetered array will have up to 48 
channels. As of November, 1991, assembling of the hardwired 
array has almost been completed and is scheduled for field 
test early next year. A prototype of a digital telemetered 
station was completed and is now being field tested.

(2) Mathematical Introduction to Seismic Tomography
In collaboration with Victor Pereyra, a professional 
mathematician, I have completed a draft for a chapter in a 
"Seismic Tomography" book being edited by H. M. lyer. We 
summarized the basic mathematics needed by seismologists to 
start doing seismic tomography research.

Reports
Novel o-Casanova , D. A. and W. H. K. Lee (1991) . Comparison of

techniques that use the single scattering model to compute the 
quality factor Q from coda waves, l*ure Appl. Geophys., v. 135, 
p. 77-89.

Lee, W. H. K. (1991) . Progress report on the IASPEI Software
Library, (Abstract) . IASPEI Program and Abstracts, IUGG XX 
General Assembly, p. 232.

Fujita, K. , S. A. Estes, W. H. K. Lee, I. Hutt, A. G. Larionov, and
B. M. Kozmin, (1991) . Deployment of a PC-based digital
recording system at Yakutsic, USSR 
345.
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Northern and Central California Seismic Network Processing 

9930-01160

Fredrick W. Lester
Branch of Seismology

U.S. Geological Survey
345 Middlefield, MS 977
Menlo Park, CA 94025

(415) 329-4747

Investigations

1. In 1966 a seismographic network (CALNET) was established by the USGS to monitor 
earthquakes in central California. In the following years the network was expanded to 
monitor earthquakes in most of northern and central California, particularly along the San 
Andreas Fault, from the Oregon border to Santa Maria. In its present configuration there 
are over 300 stations in the network, and more than 60 of those consist of more than one com­ 
ponent. Also recorded are signals from more than 60 stations operated by other agencies or 
institutions, including the University of California, Berkeley, the University of Nevada, Reno, 
the California Institute of Technology, the California Department of Water Resources, and the 
Lawrence Livennore National Laboratory. The primary responsibility of this project is to 
monitor, process, analyze, and publish seismic data recorded from this network.

2. This project maintains a seismic data base of CALNET data for the years 1969 to the present 
on both computers and magnetic tapes for those office staff who are doing research using the 
network data.

3. Project staff often act as the primary spokesperson or authority when inquires are received 
from the press, the public, or scientists from both inside and outside the Geological Survey 
regarding earthquakes that have been recorded by the network. Inquires include simple ques­ 
tions about recent earthquakes in the region, such as the date and time of occurrence, the loca­ 
tion, and the magnitude of the earthquake. Or they may be somewhat complex and require 
expert opinion or interpretation, such as the relationship of recent swarms of earthquakes to 
historical seismicity, and how each relates to the seismogenic potential of a region or fault.

4. As time permits research projects are undertaken by project personnel on some of the more 
interesting or unusual events or sequences of earthquakes that have occurred within the net­ 
work, or related topics.

Results

1. Figure 1 illustrates most of the 9148 earthquakes located in northern and central California 
and vicinity during the time period April through September 1991. Figure 2 shows the loca­ 
tion of the seismographs used to locate earthquakes during that time period. That level of 
activity is relatively normal for a six month time period.

The most significant earthquakes during this time period occurred along or off the coast of 
California, mostly during July and August The largest earthquake recorded in or around 
northern or central California since the Loma Prieta earthquake of October 1989 occurred on 
August 17. It was magnitude 6.8 and was located off the coast, west of Crescent City. It was 
part of a sequence of earthquakes that began on July 13 when a magnitude 6.7 earthquake was
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recorded in the same region. A magnitude 6.0 earthquake also occurred as part of this 
sequence on August 17 and many smaller related events were recorded through September.

Another significant coastal earthquake occurred on September 17 in region northwest of San 
Simeon. It was magnitude 5.0 and was followed by smaller aftershocks over a period of 
several days. This was the largest earthquake in that region since a magnitude 5.4 earthquake 
on August 29, 1983.

Seismic data recorded by the network are being processed using the CUSP (Caltech USGS 
Seismic Processing) system. CUSP was designed by Carl Johnson in the early 1980's and has 
since undergone some revisions for the Menlo Park operation. On September 1, 1989 we 
began using revised CUSP software in a generic format. This new format makes CUSP more 
universally acceptable to groups that are using or plan to use it in the future because the com­ 
mands are relatively non-specific to any particular group operation.

In late October 1990 we began using new software and hardware to process the earthquake 
data. At that time we converted from very old DEC Pt>P 11/44 computers and Tektronics 
4014 terminals to the faster and more powerful DEC 3100 workstations. The new worksta­ 
tions now perform all of the functions of the older computers and terminals, and more, includ­ 
ing automatic event detection and preliminary processing, and final manual processing. The 
new program used for final manual processing of the datai is called TIMIT. This new program 
incorporates the old processing program QED, plus includes many new features which make 
processing much smoother, faster, and more efficient. TIMIT is still undergoing revision and 
upgrading to reduce bugs and problems and incorporate new software and hardware features.

This year we hope to begin publishing, on an annual or semi-annual basis, a catalog of earth­ 
quakes for northern and central California. The format is not yet established but it will prob­ 
ably be some type of listing of events accompanied by a text explaining the processing pro­ 
cedures and what is in the catalog, maps showing the epicenters and possibly cross sections 
and focal mechanisms, and a description of important earthquakes or earthquake sequences. 
The catalog will be approximately complete at the magnitude 1.5 in the central core of the 
network and something approaching M2.0 in the more remote portions of the net.

2. The current catalog is relatively complete and correct through June 1991. The data from July 
through September are somewhat incomplete and some eirors still remain to be identified and 
corrected. Additional data from earthquake sequences that occurred in July and August along 
or off the northern California coast, from approximately Shelter Cove north, are currently 
being processed and will be included as they are finalized. Also, quarry blasts need to be 
identified for September.

3. More than 50 requests were received for seismic data wh^ch required computer searches of the 
data base. Most of the searches were for specific regions and time periods. Some were more 
complex requiring multiple searches and some interpretation. Data from these searches were 
most often distributed as printed listings, but but some were also sent as data files over elec­ 
tronic mail or files on magnetic tape.

Along with requests for computer data searches the project normally receives 10 to 25 tele­ 
phone inquires per week that request simple information about recent earthquakes, ongoing or 
past USGS research, or that request maps and publications and some interpretation of geologic 
information. During periods of higher than normal seismic activity the project may receive as 
many as 20 to 30 requests of this type per hour.

Recognition of earthquake risk and related hazards has ii 
Prieta earthquake of October 1989. A consequence of

increased dramatically since the Loma 
tliis has been an increase in insurance
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claims related to earthquakes that has resulted in an increase in insurance company requests 
for data searches for recent earthquake activity. Another consequence of that earthquake is 
the increasingly common request from homeowners or potential homeowners for information 
about all types of geologic hazards, particularly earthquake hazards, in the area around their 
homes or where they plan to purchase a home.

4. At the present time David Oppenheimer and Nan MacGregor-Scott are investigating earth­ 
quakes in the east San Francisco Bay region in the area approximately bounded by the Hay- 
ward fault, the Great Valley, Suisun Bay, and the Calaveras Reservoir. Under investigation is 
the seismic potential of the region as related to slip along several important faults, including 
the Calaveras-Sunol, the Franklin, the Antioc, the Greenville, and the Concord faults. Results 
of this investigation will be presented at the Conference on Earthquake Hazards in the Eastern 
San Francisco Bay Region. This conference is to be held on the campus of Hayward State 
University in March 1992.

Reports

None
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FIGURE 1. Seismicity for April - September 1991
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Paleoseismic Investigations Along the Northern Reach of the Calaveras Fault
Zone, Alameda County, California

Agreement No. 14-08-0001-G1987

William R. Lettis, Keith I. Kelson, and Gary D. Simpson
William Lettis & Associates
1000 Broadway, Suite 612

Oakland, CA 94607

(510)832-3716

Objective of the Study

  Obtain detailed paleoseismic information at the Leyden Creek research site along the 
northern Calaveras fault zone, including Holocene s^ip rate(s), amounts of displacement per 
event, and timing of paleoseismic surface-rupture events.

Progress to Date

Obtained excavation permits from all land owners and lessees.

Prepared detailed topographic map (Scale 1:465, contour interval = 0.5 m) of the Leyden 
Creek site using a TOPCON total station. Based on field observations, delineated surficial 
deposits and several fluvial terrace surfaces on this map.

Drilled and logged 21 boreholes (13 via a truck-mounted, solid-stem auger; 8 via hand 
auger) to help delineate near-surface stratigraphic relations, to assist in siting exact trench 
localities, to help identify and delineate possible piercing lines, and to test stratigraphic and 
structural models developed during analysis of trench exposures.

Excavated 3 east-west-oriented trenches across the major active trace of the Calaveras fault 
zone. The southern wall of each of these trenches was gridded and logged in detail at a 
scale of 2 inches to 1 meter. These trenches were excavated to expose stratigraphic and 
structural relations from which to assess paleoseismic characteristics of the fault.

Excavated and logged 2 soil test-pits to assess the thi 
selected fluvial terrace surfaces, and to provide rough

ckness of surficial deposits beneath 
age-estimates of the terrace surfaces.

  Four charcoal samples from critical stratigraphic hor zons were submitted for radiocarbon 
analysis. Three of these will most likely require AM S dating techniques to obtain an age- 
estimate.

  Invited informal peer review of excavations and current working models. Attendees 
included scientists from the U.S. Geological Survey^ California Division of Mines and 
Geology, California Division of Safety of Dams, Lawrence Berkeley Laboratory, East Bay
Regional Park District, private industry consultants, 

Excavations were backfilled and the area remediated
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Results to Date

  Several episodes of surface rupture have occurred at the Leyden Creek site within the 
middle to late Holocene. The number and relative timing of surface ruptures interpreted 
from trench exposures are based on the presence of numerous generations of fissure fills 
along the fault trace, several scarp-derived colluvial wedges (some of which have been 
subsequently faulted), and truncated fault strands. Trench exposures suggest at least four, 
and possibly as many as eight, prehistoric rupture episodes. Age-estimates obtained from 
radiocarbon analysis of charcoal samples will provide constraint on the timing of some of 
these episodes.

  Based on trench exposures, drillhole data, and field mapping, a buried bedrock margin of 
the Leyden Creek valley is oriented approximately normal to the fault trace. This palep- 
margin, which is between 6 and 9 meters deep, is displaced approximately 70 meters in a 
right-lateral sense from the present bedrock valley margin on the opposite side of the fault. 
Radiocarbon samples from lowermost strata exposed in the trenches will provide a 
minimum age for this possible piercing line. We anticipate that these data will yield an 
approximation of the maximum slip rate on this reach of the Calaveras fault zone.

  A primary goal of this investigation was to test the hypothesis that a paleochannel present 
on the upstream (downthrown) side of the fault, and a narrow bedrock notch on the 
downstream (upthrown) side of the fault, could be used as a piercing line to obtain the 
amount of displacement along the fault. Trench exposures and borehole data indicate that 
two coarse-grained paleochannels are present on the upstream side of the fault. Near- 
surface data suggest that both of these paleochannels are oriented nearly perpendicular to 
the fault approximately 20 meters west of the fault scarp, but then both turn to the south 
and are oriented parallel to the base of the fault scarp. Thus, these paleochannels cannot be 
used as piercing lines and provide no clear information on the amount of displacement (and 
hence the slip rate) along the Calaveras fault.

Publications

Kelson, K.I., Lettis, W.R., and Simpson, G.D., 1991, Paleoseismic investigations along the 
northern Calaveras fault, Alameda County, California: Geological Society of America 
Abstracts with Programs, v. 23, no. 2, p. 41.

Kelson, K.I., Lettis, W.R., and Simpson, G.D., in press, Progress report on paleoseismic 
investigations at Leyden Creek, northern Calaveras fault zone, Alameda County, CA: 
Abstract submitted to the 1992 Conference on Earthquake Hazards in the Eastern San 
Francisco Bay Area, Hay ward, CA, March, 1992.

Kelson, K.I., and Lettis, W.R., in press, Regional distribution of slip in the San Francisco Bay 
region: Abstract submitted to the 1992 Conference on Earthquake Hazards in the Eastern 
San Francisco Bay Area, Hay ward, CA, March, 1992.

Simpson, G.D., Lettis, W.R., and Kelson, K.I., in press, Initiation of research into the northern 
termination of the Calaveras fault, Contra Costa County, CA: Abstract submitted to the 
1992 Conference on Earthquake Hazards in the Eastern San Francisco Bay Area, 
Hay ward, CA, March, 1992.
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Analysis of Quaternary Deformation, Calaveras-Concord Fault Stepover, Contra
Costa County, California

Contract # 14-08-0001-G2140

William R. Lettis, Keith I. Kelson, and Gary D. Simpson
William Lettis & Associates
1000 Broadway, Suite 612
Oakland, California 94^07

(510)832-3716

Research Objectives

The northern Calaveras fault zone represents the most prominent, potentially hazardous 
fault within the San Francisco Bay region for which little information is known regarding location, 
slip rate, structural character, and earthquake potential. The objectives of this study are to better 
define the location of the northern Calaveras fault and to acquire specific data regarding its northern 
termination and structural relationship with the Concord fault. We are assessing the seismic hazard 
and structural character of the northern Calaveras fault zone via compilation of a tectonic map, 
aerial photograph interpretation, and creation of a detailed Quaternary strip map along the fault 
north of Sunol Valley. The detailed geologic and geomorphic map of the fault zone will lead to a 
better understanding of the nature of interaction between the Calaveras and Concord faults, the 
definition of segment boundaries, the lateral Continuity of individual fault strands within the zone, 
and whether the rate of activity progressively decreases or abruptly dies out northward along the 
fault. Together with fault behavioral data developed during our ongoing paleoseismic studies near 
Leyden Creek, we hope to provide important input for estimating the time-dependent probabilities 
of large-magnitude earthquakes on the Calaveras fault

As an extension of our work on the Calaveras fault, v^e are compiling published data on 
long-term (geologic) and short-term (historic) slip rates on faults in the San Francisco Bay region. 
We will use this compilation to compare regional deformatioti (geological and geodetic slip rates 
and creep rates) along different spatial transects and to assess whether current data are sufficient to 
account for all horizontal slip predicted by current plate motion models. We have resolved 
available slip rate data into vector components parallel and perpendicular to predicted present-day 
motion between the Pacific and North American plates (exclusive of Basin and Range extension), 
and have compared the cumulative slip within and between individual transects.

Progress to Date

  Our research of the northern Calaveras fault is in its initial phase. We have compiled existing 
literature into a comprehensive fault map of the Calaveras fault north of Sunol Valley. This map 
covers parts of the Dublin, Diablo, Las Trampas Ridge, and Walnut Creek 7.5' quadrangles and 
incorporates our own mapping with the previous mapping of Herd (1978), Dibblee (1980), and 
CDMG (1982).

  We have obtained 1937 through 1940 aerial photography or the northern Calaveras fault zone 
and are presently compiling photo interpretation along the entire reach.

422



II

  We have selected 4 paths between the Farallon Islands and Stockton with which to compare 
cumulative slip rates and plate motion models, and have compiled published geologic and geodetic 
slip rates and creep rates. Slip rates have been resolved parallel and perpendicular to the predicted 
plate motion.

  Preliminary comparisons have been made across the four paths between the cumulative values of 
the published slip and creep rates and the values obtained from plate motion models.

Publications

Simpson, Gary D.; Lettis, William R.; and Kelson, Keith I., 1991. Initiation of Research into the 
Northern Termination of the Calaveras Fault, Contra Costa County, California: 1992 
Conference on Earthquake Hazards in the Eastern San Francisco Bay Area. Hayward, 
March, 1992.

Kelson, Keith I. and Lettis, William R., 1991. Regional distribution of slip in the San Francisco 
Bay region: 1992 Conference on Earthquake Hazards in the Eastern San Francisco Bay 
Area. Hayward, March, 1992.
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Operation of Borehole Tiltmeters 
at Pinon Flat Observatory, California 
and Analysis of Secular and ifidal Tilt

14-08-0001-G1765

Judah Levine 
Joint Institute for Laboratory Astrophysics

Campus Box 440
University of Colorado

Boulder, Colorado 80309
(303) 492 - 7785

Objectives: To install borehole tiltmeters at Pinon Flat Observatory in Southern California; to 
compare the performance our instruments installed at three different depths; to analyze the 
data at secular and tidal periods; and to compare our results with those obtained from other 
instruments at the same site.

Results: We currently have three instruments installed at Pinon Flat Observatory and all 
three have been operating during this report period. We have continued to use finite element 
methods to estimate the relationship between the regional tilt vector and the tilts recorded by 
our instruments. Our work during this period has concentrated on estimating the sizes of two 
effects: the effects resulting from a borehole that is not perfectly vertical and the effect of a 
variation in the topography of the weathering layer boundary.

The placement of the cylindrical instrument capsule at the bottom of the borehole has 
been described in our previous reports. The weight of the capsule is supported by a hemi­ 
spherical knob welded to the center of a plate at the bottom of the casing, but this knob does 
not constrain the horizontal position of the instrument. Three contact points are welded to the 
instrument capsule near the top and three near the bottom. These contact points are equally 
spaced around the circumference of the capsule. Two of the contact points are rounded 
pieces of metal and the third is a leaf spring. The spring presses the other two contact points 
against the sides of the borehole. This design minimizes the, effect of tilt-strain coupling if 
the casing is vertical since the side of the casing serves a$ the reference for the instrument, 
but it is an-isotropic azimuthally. Strains that deform the borehole along the azimuth of the 
springs simply cause the springs to expand and are not transmitted to the capsule, while 
strains in the two other orientations are transmitted via the contact points without attenuation. 
The result is an an-isotropic strain-tilt coupling. Alternatively, this effect may be viewed as 
producing tilts along the axis of the spring from an isotropic strain field (See Fig. 1). 
This effect is essentially independent of frequency since t le spring is very stiff so that its 
resonant frequency is much higher than any frequency we can observe.

An additional tilt-strain coupling results from the weathering layer if the boundary
between that layer and the shallower material is not flat. The size of this effect can only be
estimated since the short-wavelength topography of the weathering-layer boundary is not
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a b
Figure 1. A side view (a) and a top view (b) of the tilt produced by a uniform expansion of 
the borehole. The capsule references the sides of the hole using two .contact points shown as 
arrows and a spring.

known. The effect falls of with distance from the boundary, so that it is most important for 
BOB.

These models have important consequences for borehole tilt measurements. We are 
currently conducting several experiments to test these predictions. We are measuring the 
explicit angular dependence of the tilt signal by rotating the tiltmeters and we are also 
constructing several different mounting systems to verify the importance of the coupling 
between the casing and the instrument.

Summary of Data Collected: We acquire the data from our three instruments at PFO (2 
channels/instrument) every 6 minutes. These same values are also transmitted to the PFO 
central recording trailer and are digitized and recorded there 12 times/hour.
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Slip History of San Andreas and Hayward faults

9910-04192

J. J. Lienkaemper 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5642

Investigations
Determine slip rates and earthquake recurrence times on San Andreas and Hayward faults. 
Compare rates of geologically determined surface slip to rat^s of historic creep and geodetically 
determined deep slip. Analyze effects of structural complexity and fault segmentation upon 
inferring recurrence from slip rate.

Results
1. Creep Rates. Hayward Fault. Along most of the fault, offset features yield creep rates of 3.5- 
6.5 mm/yr over decades, but a 4-km-long segment in south Fremont has crept at 8.5-9.5 mm/yr 
[Lienkaemper et al, 1991]. We theorize that the ~9 mm/yr Creep rate in south Fremont represents 
the full long-term slip rate on the fault. Testing this theory, we trenched the Masonic site in Union 
City, 1989-90.
2. Quaternary Slip Rates. Masonic Site. We identified 6 buried fan units offset by the fault by: C) 
0-20 m, E) 40 ± 6 m, G) 66 ± 5 m, I) 88 ± 5 (?) m, K) 131 ± 6 (?) m, and M) 167 ± 6 (?) m. 
Radiocarbon dates constrain slip rate for 3 units: 1) 8.5 ±1.4 mm/yr on E (4.7 ka), 8.0 ± 0.6 
mm/yr (8.3 ka) on G, and <9.2 mm/yr (14.2 ka BP) on K. The rate of unit G, 8 mm/yr, is 
distinctly more reliable than the other two because the age of onset for the unit is especially well- 
constrained. More trenching and radiocarbon dating may modify the rate of unit E. We cannot yet 
distinguish any changes in slip rate during latest Quaternary and Holocene at this site at a 95% 
confidence level. These slip rates support our theory of a >9 mm/yr long-term slip rate for the 
Hayward fault based on the highest historical creep rates.
3. Mapping Holocene traces. Hayward fault. I completed tie strip map of the Hayward fault at 
1:24,000 for publication in 1992. For this, we flew 1:4000 scale low-sun-angle, color aerial 
photos along the main fault; and 1:8000 and 1:10,000 photos of the southern extension and its 
branches. Using these I recognized unmapped creeping traces and sites for the study of prehistoric 
large earthquakes on the Hayward fault.
Reports
Borchardt, G., J. J. Lienkaemper, and K. Budding, Holocene slip rate of the Hayward fault at 

Fremont, California (abstr.): 2nd Conf. Earthquake Hazards, Eastern San Francisco Bay Area, 
Hayward, March 1992.

Lienkaemper, J. J., and G. Borchardt, Holocene slip rate of the Hayward fault at Union City 
(abstr.): 2nd Conf. Earthquake Hazards, Eastern San Francisco Bay Area, Hayward, March 
1992.

Lienkaemper, J. J., G. Borchardt, and M. Lisowski, Historic creep rate and potential for seismic 
slip along the Hayward fault, California: Jour. Geophys, Res., 96, 18,261-18,283, 1991.

Lienkaemper, J. J., and G. Borchardt, Hayward fault: Larie earthquakes versus surface creep 
(abstr.): 2nd Conf. Earthquake Hazards, Eastern San Francisco Bay Area, Hayward, March 
1992.
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Overview

This grant did not commence until June of 1990, but since then we have been 
concentrating on completing a study of possible tidal amplitude changes associated 
with the Loma Prieta earthquake of 1989. This study is now complete and what follows 
is the basis of a paper to be published in Geophysical Research Letters. Please note 
that this study was in collaboration with M. Gladwin (University of Queensland) and 
M. Johnston (U. S. Geological Survey), both of whom are coauthors on the paper.

Abstract

The Loma Prieta earthquake of 1989 provided an opportunity for a sensitive test 
of suggestions that earthquakes may be preceded by variations in Earth tidal strain 
amplitudes. Such variations have been proposed as providing an advantageous tech­ 
nique for detecting precursory changes in elastic parameters in a seismogenic zone. We 
have analyzed data from two borehole strainmeters continuously operating within 40 
km of the epicenter and within about 10 km of the southern end of the rupture. A 
preliminary report on some of these data incorrectly concluded that significant tidal 
admittance variations occurred during the year preceding the earthquake. We are now 
unable to identify any precursory changes in M2 and 01 tidal amplitudes and esti­ 
mate that any large scale changes in Young's modulus must have been less than about 
2%. If these results apply generally, we would conclude that variations in elastic ma­ 
terial properties prior to earthquakes do not occur throughout substantial volumes of 
the subsequent hypocentral region.

Introduction

Nishimura (1950) first suggested that changes in Earth tidal response might be a 
useful method for monitoring crustal elastic properties and perhaps predicting earth­ 
quakes. A number of other studies have been made on time variations of tidal am­ 
plitudes in seismically active regions (e.g. Mikumo et a/., 1978; Kato, 1979; Mao et
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a/., 1989) but none of these has provided strong evidence to support or refute the use­ 
fulness of the technique for earthquake prediction. Finite element analysis techniques
have been used (Beaumont and Berger, 1974; Tanaka, 
anomalies as a function of changes in elastic properties

1976) to calculate tidal response 
of various shaped source regions.

The Loma Prieta earthquake (ML 7.1, October 18, 1989) is the largest California 
earthquake in recent years, and is the largest to occjur relatively close to any of the 
continuous strain monitoring sites in California. Elsewhere we have reported on a lack 
of observed short term strain precursors to this earthquake (Johnston et a/, 1990). 
Johnston and Linde (1990), in preliminary analysis of data from one of these sites, have
reported on a precursory tidal amplitude anomaly for
analysis included then undetected artifacts in the data. We have now analyzed the
data from both sites in order to determine if any signif
occurred during the several years preceding the earthquake.

Initial plans for borehole strain instrumentation

this earthquake but that earlier

cant changes in tidal amplitudes

in the San Juan Bautista area,
just to the south of the Loma Prieta break, called for the installation of a modest 
network of 5 to 7 sites. Unfortunately, due to a variety of constraints, only 3 sites were 
installed; 2 were in operation during the period studied here. These instruments are 
a tensor (three component) strainmeter (Gladwin et a/, 1986) and a Sacks-Evert son 
strainmeter (dilatometer) (Sacks et a/, 1971). The instrument sites and their relation 
to the earthquake fault are shown in Figure 1. The tensor instrument (SJT) is 38 km 
from the epicenter and the dilatometer (SRL) is a litijle closer (33 km).

The data from the instruments are collected in Menlo Park via satellite digital 
telemetry (Silverman et a/, 1989). SJT is sampled every 18 minutes, SRL every 10 
minutes. Both instruments have more than adequate sensitivity and frequency response 
to ensure that the Earth tides can be detected and recorded with good precision.

Analysis

We have concentrated our analysis of the strain data on the approximately two
years preceding the earthquake. Our conclusions apply to earlier data also but for a 
variety of technical reasons (post installation effects, Various instrument modifications 
and less reliable telemetry) the earlier data exhibit greater variability. For the period 
shown in the plots, SJT has been operating without modification and the data stream 
has been consistently reliable and undisturbed by site visits. A number of problems have 
complicated the record from SRL; we have removed from the data artifacts introduced 
by various site visits, although (see below) we have rieason to believe that, after mid 
March 1989, the data from SRL may have been subjected to a slowly decreasing effective 
gain; during 1990 a steady decrease in gain became apparent.

The tidal analyses have been carried out using two independent procedures; a 
linear least square inversion (Gladwin et a/, 1985) and the BAYTAP(G) routine based 
on Bayesian statistics (Ishiguro et a/, 1984). Excellent agreement was obtained for the
calculated tidal amplitudes. We have performed a variety of tests with both real and
synthetic data to ensure that the results are reliable arid robust. Time variations of the

428



II

M2 and 01 tidal amplitudes from the two sites are shown in Figure 2. We have used 
60 day windows for the analysis, with sequential windows sliding forward by 30 days. 
The time tag associated with each analysis is taken as the midpoint of the window. 
From the SRL site we get estimates of the dilatational strain. The SJT instrument 
gives three components of strain; as plotted these are defined by:

(-'a,   f^xx "i ^yy 

Tl   ̂ xx £yy

72 = 2 * exy
with x axis east and y axis north. Note that all of the traces are characterized by long 
term constancy of both the M2 and 01 amplitudes. Formal error bars (1 standard de­ 
viation) are given for all points and in some cases, particularly for the larger ampli­ 
tude signals, the error bars are obscured by the point symbol. In general, as one would 
expect, the errors are larger for the smaller amplitude signals, which are all shown at 
their absolute levels. Confidence in the reliability of our measurements is also enhanced 
from the fact that the amplitude ratios of M2 to 01 for all components are in good 
agreement with the theoretically calculated ratios. For all the tidal amplitude signals, 
there are no variations which can be considered significant in the 2 years preceding the 
earthquake. The standard deviations of these values are about 1% for the M2 ea and 
V amplitudes, about 2% for the corresponding 01 amplitudes and somewhat larger for 
the lower amplitude tidal components. We estimate the threshold for detecting depar­ 
tures from constant values as being at about the 2% level.

In 1987, the SRL instrument apparently developed a downhole leak in the cable 
or at the cablehead. This required a modification in the electronics which has allowed 
stable operation of the instrument, as evidenced by the constancy of the tidal admit­ 
tance during 1988. Unfortunately, in March 1989 (marked by * on the plot) this mod­ 
ification was partially undone, with the result that the effective gain of the instrument 
began gradually and continuously to decrease. (The instantaneous gain change caused 
by this has been removed from the data.) During the remainder of 1989 the loss of gain 
is too small for us to quantify, but after about the start of 1990 there was a clear steady 
decrease in the effective gain which we were able to verify. This instrument measures 
dilatational strain and since variations in atmospheric pressure produce corresponding 
changes in dilatational strain in the near surface rock, we can check for changes in in­ 
strumental gain by calculating the pressure admittance versus time. Figure 3 shows the 
pressure admittance and M2 (Figure 3a) and 01 (3b) tidal amplitudes for SRL follow­ 
ing the March 1989 modification; a faulty pressure transducer was also replaced at that 
time. While we do not expect the admittance and tidal amplitude values to track pre­ 
cisely, it is clear that starting at about the beginning of 1990 both the admittance val­ 
ues and the tidal amplitudes show similar and consistant decreases. This apparent loss 
of gain of the instrument is to be expected under the post March 1989 operating condi­ 
tions. We have used the pressure admittance values to provide a gain correction for the 
tidal amplitudes and those corrected values are shown in Figure 2 with dashed lines and 
open circles. This correction results in rather constant values for the tidal amplitudes
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until about mid 1990 when there may have been a real decrease in the pressure admit­ 
tance and thus the correction produces larger tidal amplitudes. The need for correcting 
these post 1990 tidal values somewhat decreases the Weight we can give to these values 
from SRL, but it appears that there were no significant changes in the post-seismic M2 
and 01 tidal amplitudes at SRL, consistent with th^ lack of any change at SJT. (Re­ 
member also that these reservations do not apply to the pre- and co-seismic SRL data.) 

We do not detect any coseismic change in the strain tidal amplitudes (at the 
2% level) and the tidal amplitudes following the earthquake are at the same levels 
as before it. Thus any changes in elastic parameters introduced as a result of rock 
fracturing during the earthquake are also quite small or localized to a small volume. If 
we had reported a precursory effect without noticing &ny coseismic change we may have 
questioned the validity of the result, although for thi$ type of phenomenon the absence 
of the latter does not necessarily exclude the possibility of recording the former.

Discussion

The finite element modeling papers (Beaumont and Berger, 1974; Tanaka 1976) 
were written at a time when dilatancy was thought to be a wide scale precursory 
phenomenon. The modeling estimates by Beaumont and Berger of variations up 60% 
in strain tides were based on large dilatant zones in which the seismic compressional 
wave velocity was reduced by 15%. Such large effects are no longer considered likely 
but we can use our results to place upper constraihts on precursory strain induced 
variations in elastic properties of the seismogenic zon£ for the Loma Prieta earthquake. 
The modeling in Beaumont and Berger indicates that our sites are favorably located 
for detection of any significant variations in elastic properties in the site region. If such 
changes occurred before the Loma Prieta earthquake, our monitoring sites would surely 
have been within about 30 km of such a zone and could have been as close as 10 km 
or 15 km. Beaumont and Berger's work shows the lajtter situation would provide near 
maximum sensitivity for detection and, even for a more remote source, our sites would 
be well placed to experience the resultant tidal amplitude changes. If such changes
did take place, then changes in Young's modulus ov jr any large (kms) spatial extent
had to have been less than about 2%. The corresponding change in Vp would be less 
than about 1%, a limit lower than that which has been set from travel time residuals 
for local earthquakes (Steppe et a/, 1977) or for teleseismic events (Robinson and lyer, 
1976). The alternative possibility, which we cannot exclude, is that significant modulii 
changes occurred in a small preparation zone. This nlay remain an important issue in 
the mechanics of rupture, but is essentially academit in terms of precursor detection 
since we do not know the location of initiation of a future earthquake and, in many 
cases, cannot physically locate instruments very closd to such a location even if we did 
know where it would be.

We conclude that there were no identifiable (greater than 2%) precursory changes 
in the solid earth tidal amplitudes for the Loma Prieta earthquake in the area about 
35 km to the south of the epicenter. This result places a significant constraint on such
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precursory effects and also corrects an earlier report of a positive result for this effect. 
That preliminary work by Johnston and Linde (1990) was in error, principally because 
not all the effects of electronic modifications to the SRL instrument were recognized 
and removed from the data at that time. The results obtained here are consistent with 
a report by Gladwin et al (1991) in which they noted the constancy of the Earth tidal 
amplitudes before the Loma Prieta earthquake. To the extent that our observations 
from these sites can be generalized, it now appears less likely that variations in Earth 
tidal amplitudes can serve as earthquake precursors.
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Figure 2. Earth tidal strain amplitudes, for tidal components M2 and 01, as 
a function of time at the sites SRL and SJT shown in Figure 1. Error bars 
are for one standard deviation. The long vertical dashed line marked LP 
indicates the time of the Loma Prieta earthquake. The shorter dashed lines, 
marked *, show the time of an electronic change at SRL (see text). From 1990, 
SRL data have been gain corrected (using atmospheric pressure response) and 
are shown dashed with open circles (also see text). We find no significant 
variations in these amplitudes preceding the earthquake. Note also that the 
earthquake has not produced any significant coseisnfiic or postseismic effect on 
tidal amplitudes. The larger values near the end of the SRL traces apparently 
result from an overcorrection.
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Objective

This project, recently funded, is for construction and installation of Sacks-Evertson 
borehole strainmeters in the Bay Area and is a collaborative program with the U.S. Ge­ 
ological Survey, M. Johnston being the principal cooperating scientist.

Progress to Date

It is very early in this program so that we do not expect to begin installation until
well into 1992. Site selection has been made by M.
phase is under way. The holes currently being drilled are exploratory holes to determine 
if potential sites are suitable for borehole monitoring of strain.

We are currently reevaluating all details of the ins

ohnston and the initial drilling

rument design and construction
with a view to improving instrument reliability. Instrument cable specifications have 
been modified to provide a more robust cable and njore stringent testing conditions 
have been determined. Modifications to the instrument design include use of a thicker 
wall bellows (increasing from 0.001 inch to 0.0015 inch)! which will reduce the possibility 
of imperfections in the bellows resulting in a leak; this is at the expense of some loss 
of gain but the instrument will still have sensitivity better than 10~ n .

We expect that instrument construction will begin soon and that the installation 
will commence next spring when the holes will also be available.
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Determination of Slip Rate and Paleoseismicity of the 
Rose Canyon Fault Zone, San Diego, California

14-08-0001-G1982

Scott C. Lindvall
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Los Angeles, CA 90041
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Department of Geological Sciences

San Diego State University
San Diego, CA 92182
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OBJECTIVES:
This study expands on our previous work (Lindvall et al., 1990; Rockwell and Lindvall, 

1990) in which we identified the principal strand of the Rose Canyon fault zone and documented 
evidence for recurrent Holocene surface-rupturing earthquakes at a trench site located on a 
Holocene terrace of Rose Creek. The purpose of this study was to continue investigating the 
Rose Canyon fault at this site, using 3-D trenching to determine: 1) a Holocene slip rate and 2) 
the timing of past earthquakes and the amount of slip produced in these events, if possible.

INVESTIGATION:
We reoccupied our 1989 trench site with the intent of exposing the fault zone in three 

dimensions and resolving slip based on displaced fluvial features. This site, which is covered 
by artificial fill and an asphalt parking lot surface, was originally identified in early air photos 
that predate the development of the site in 1960.

Initially, we excavated two fault-parallel trenches to further establish the site's 
stratigraphy and identify any linear fluvial features or sedimentary structures that could be used 
as piercing points for defining horizontal and vertical offset. We found only one such feature, 
a distinct gravel-filled channel oriented normal to the fault. The channel was the only coarse, 
gravelly channelized deposit that was found in over 65 m of linear trench amidst the relatively 
fine-grained, weakly stratified, silty to clayey sand deposits of probable floodplain origin. We 
then had the artificial fill removed to a depth of 2 - 2.5 m to the top of the natural deposits over 
a large area (12 x 8 m) in order to facilitate tracing the distinct gravel channel into and across 
the multiple strands of the fault. From the floor of this large rectangular excavation, a series 
of parallel and orthogonal connecting trenches were excavated by hand to expose the channel 
into and across the different strands of the fault, leaving the channel preserved in blocks of 
native sediment.

After all of the trench faces were logged, they were surveyed with a Wild Total Station 
to accurately locate each exposure in 3-D space. Several charcoal samples were collected and 
are being prepared to submit for age dating.
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RESULTS:
We were successful in determining a Holocene slip rate of 1.1 mm/yr based on an offset 

buried channel. The channel was found offset across multiple strands of the fault, but grading 
operations at the site in 1960 cut out the stratigraphic Unit containing the channel west of the 
westernmost strand exposed in our trenches (Figure 1). The minimum displacement recorded 
by the channel is 8.7 m of dextral slip with less than 1 m of west-side-up vertical slip.

Using a minimum of 8.7 m of brittle slip and a maximum age of the channel at 8,155 
+ 234/-202 years B.P., we obtain a minimum early Holocene to present slip rate of 1.07 _+ 
0.03 mm/yr. The age of the channel is presently constrained by AMS dates of detrital charcoal 
collected during the previous study in 1989. Two samples from unit C3, which underlies and 
predates the channel, yielded radiocarbon ages of about 7.4 ka and 7.9 ka. Combining these two 
dates and dendrochronologically correcting them yields a weighted, 2-sigma (95% confidence) 
date of 8155 + 234/-202 years B.P.

Dates from charcoal samples collected during this investigation will better constrain the 
age of the channel and hence, refine this minimum Holocene slip rate for Rose Canyon fault.
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CRUSTAL STRAIN

9960-01187

M. Lisowski, J.C. Savage, W.H. Prescott, N.E. Khtig, J.L. Svarc, M.H. Murray
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4855

Investigations

The principal subject of investigation was the analysis of deformation in a number of 
tectonically active areas in the United States.

Geodolite surveys during the reporting period include measurement of the Coastal 
San Luis (CA), Loma Monitor (CA), Hanford (WA), and Mt. St. Helens (WA) networks. 
Global Positioning System (GPS) surveys in California include the southern California and 
Parkfield Monitor networks, Parkfield network, Parkfield quadrilateral, Mammoth-Mono 
Chain network, Mt. Lassen-Mendocino network, and five profiles in the San Francisco Bay 
Area. GPS surveys outside of California include the Raseberg (OR), Juan de Fuca (WA), 
Katmai (AK), and Shumagin (AK) networks. Some Geodolite stations in the Coastal San 
Luis, Hanford, and Mt. St. Helens networks were occupied with GPS. Additional intermediate 
GPS sites tie the Hanford, Mt St. Helens, and Columbia River networks. The May, 1991, 
Juan de Fuca GPS survey was a cooperative effort with the Canadian Geological Survey, 
SCRIPPS, and JPL. We occupied five onshore sites to support the first epoch measurement 
of the position of two sea-floor acoustic transponders. GPS surveys near Mt. St. Helens 
and Mt. Lassen were joint efforts with the Cascade Volcano observatory. The personnel and 
equipment of the Crustal Strain project and Modeling and Monitoring Crustal Deformation 
project were pooled for the Mammoth-Mono Chain GPS survey. A list of field surveys during 
this reporting period is given in Table 1.

We purchased six Ashtech dual-frequency GPS receivers during FY 91 (in addition to 
the four acquired in FY 90). These receivers track the C/A coded LI carrier and codeless 
Z/2 carrier phase signals. The receivers are compact, self-contained, and have low power 
requirements (12 Watts). The receivers can operate on battery power unattended for up 
to seven days. Initial problems with intermittant memory loss and inability to track when 
placed near communication facilities have been resolved. The quality of the LI data is not 
as good as the L\. A receiver firmware upgrade, expected soon, will improve the quality 
of the LI data. We have upgraded our computers and are streamlining our data reduction 
procedures to cope with the increased amount of data that can be collected. The project's 
five TI-4100 receivers, as currently configured, do not allow simultaneous sampling with the 
global tracking sites. A signal degradation technique known as Selective Availability (SA), 
which became active in July of 1991, results in phase deviations between receivers that do not 
sample the wave front at the same instant. We are experimenting with a laptop-computer

440



II

based data sampling and recording system. This system allows simultaneous sampling and 
cures persistent problems with the TI-4100's data recording and the display units. Although 
the TI-4100 are bulky, power hungry, difficult to operate, and can only track four satellites 
at a time, they do provide LI and Z/2 P-code psuedorange and carrier phase signals. This 
combination simplifies repairing cycles slips and provides the optimum data for resolving 
integer cycle ambiguities in the carrier phase data.

Measurements between two stations of a planned four-station continuously recording 
GPS network to monitor the Hayward fault began on September 9, 1991. The sites are 
located in San Leandro and Hayward. Sites are being evaluated for future installation of 
two Trimble dual-frequency receivers.

Table 1. Field Surveys 01 May 1991 to 30 September 1991

Project

S. California GPS Monitor

Coastal San Luis Geodolite

Coastal San Luis GPS

Juan de Fuca

Napa GPS recovery

Loma Geodolite Monitor

Loma GPS Monitor

Parkfield GPS Monitor

Katmai GPS Array

Shumagin GPS Array

Mammoth+Mono Chain GPS

Hanford Geodolite

St Helens Geodolite

St Helens and Hanford GPS

Roseberg GPS

Mt Lassen-Mendo GPS

Loma GPS Profile + Monitor

SBay GPS Profile

CBay GPS Profile

GG GPS Profile

NBay GPS Profile

Region/ 
Program

SCAL

SCAL

SCAL

PACNW

CORE

CORE

CORE

CORE

VOLHAZ

CORE

VOLHAZ

PACNW

PACNW

PACNW

PACNW

PACNW

BAFEP

BAFEP

BAFEP

BAFEP

BAFEP

Survey Dates

91/05/04-08

91/05/14--05/15

91/5/16

91/05/28--06/02

91/06/10-06/11

91/6/20

91/6/25

91/5/26

91/06/21-07/02

91/07/03-07/08

91/07/11-07/16

91/07/22-07/24

91/07/26-07/29

91/07/30-08/01

91/08/02-08/04

91/08/04-08/06

91/08/26-08/29

91/09/03-09/06

91/09/09-09/12

91/9/16

91/09/17-09/20

Field 
Days

5

2

1

10

2

1

1

1

10

6

6

3

4

3

2

3

4

4

4

1

4

Geod- GPS Local 
olite Station Ties 
Lines Days

21 3

18

6 1

41 29

11

3

4

5

47 1

27

41

31

26

17

10 4

15 5

20 2

22 1

20

6

25

GPS
Sta­ 

tions

21

6

12

9

4

5

10

9

35

16

9

10

15

17

16

6

18

Local 
Sta­ 

tions

3

1

5

1

4

4

2

1

Totals 77 78 338 46 218 21
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Results

1. Deformation of the Hanford, Washington, Network 1972-1991

The Hanford trilateration network is located near Richland in south central Washington 
on a Federal reservation (the Hanford site) used ir} part to store radioactive wastes. The 
network lies in the back-arc region of the Cascadia subduction zone, 450 km east of the 
deformation front and 150 km east of the Cascade volcanoes. The strain accumulation 
there deduced from the trilateration measurements is shown in Figure 1. The circled 
points lie more than two standard deviations from the mean of all of the data. The 
measurements are adequately represented by the linear fits shown in the figure, and the 
slopes of those linear fits suggest that the strain accumulation rate is no more than one 
or two nanostrain/year.

2. Strain Accumulation of the Loma Prieta Geodolite Monitor Network Prior to the Loma 
Prieta Earthquake

Geodetic measurements of distance from a monument on Loma Prieta, 11 km northeast 
of the epicenter of the Loma Prieta earthquake (Ms = 7.1; October 17, 1989), to three 
stations 31 to 43 km distant provide an unusually complete record of deformation in 
the epicentral area. The Geodolite measurements were discussed by Lisowski et a/., 
[Geophys. Res. Lett., 17, 1211-1214, 1990], but at the time of that publication only 
preliminary reductions of the GPS data were available. The GPS data as finally reduced 
are shown in Figure 2 along with the previously reported Geodolite measurements. The 
offset between the two data sets is of no significance as the GPS measurements are not 
referred to the same station marks as the Geodolite measurements. However, the trends 
in the two data sets should be identical. Linear fits to both data sets are shown for 
the 1987.7-1989.9 interval (the interval over which GPS data are available). The slopes 
of those linear fits are shown in the figure. The two slopes do not differ at the two- 
standard-deviation significance level. We had earlier attached marginal significance to 
the change in slope in the Geodolite measurements to Allison starting in 1988.5 at the 
time of the first foreshock. The GPS data do not support that interpretation. Thus, the 
possibility of a geodetically detected precursor to the Loma Prieta earthquake is more 
dubious in light of the GPS observations.

3. The Uncertainty in Earthquake Conditional Probabilities

The Working Group on California Earthquake Probabilities (WGCEP) questioned the 
relevance of uncertainty intervals assigned to earthquake conditional probabilities on 
the basis that the uncertainty in the probability estimate seemed to be greater the 
smaller the breadth of the recurrence-interval distribution. That paradox depends upon 
a faulty measure of uncertainty in the conditional probability; with a proper measure 
of uncertainty no paradox exists. Also, the assertion that the WGCEP probability 
assessment in 1988 correctly forecast the 1989 Loma Prieta earthquake is challenged by 
showing that the posterior probability assessed after the occurrence of the earthquake 
based on the 1988 WGCEP distribution as th$ prior probability reverts to a nearly 
informationless distribution.
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4. Hayward Fault Permanent GPS Array

On September 9, 1991, the Crustal Strain project began daily GPS observations of a 
baseline across the Hayward fault. We will use this data to monitor the Hayward fault, 
serve as a fiducial site, study the signal and noise spectra, and determine the effects 
of various processing strategies. Two codeless dual-frequency Ashtech receivers collect 
data 24 hours a day, at 30 second intervals. The baseline is 8.1 km long and strikes 
nearly north-south. We use the Bernese version 3.2 software to process daily seven-hour 
sessions in semi-automated mode. Currently, the main technical barrier to automation 
is the noise in the Z/2 phase data. Figure 3 shows the Z/3 solution for seven-hour ses­ 
sions. The rms errors for the Z/3 solution are 2.7 mm in length, 2.7 mm in the north 
and east components, and 9.6 mm in the vertical component. We have found that 
very short sessions of only two or three hours yield poor results; the difference in the 
Z/3 solution between two-hour and seven-hour sessions may be 1-2 cm for the north 
component and 5-10 cm for the east component. The L\ and Z/2 solutions are not 
satisfactory, since the ionospheric delay apparently does not cancel even between sta­ 
tions separated by only 8 km. The rms errors for the L\ and Z/2 solutions are 14.0 and 
22.4 mm in length, 13.9 and 23.5 mm in the north, 5.2 and 12.9 mm in the east, and 
15.7 and 23.0 mm in the vertical. For each component, the Z/i, Z/2, and Z/3 solutions dif­ 
fer systematically by up to several cm and the L\ and Z/2 solutions are highly correlated.
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Figure 3. Length and vector components as a function of time for the 8.1 km baseline 
between the continuously recording GPS receivers near the Hayward fault. Error bars 
are ± 1 sd as derived by the rms scatter about the mean.
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5. Preliminary Comparison of Repeatability of GPS Observations in the Loma Monitor 
Network

We have begun a comparison of relative locations estimated from GPS observations 
processed with the Bernese 3.2 and GAMIT 8.2.6 software packages. Nine GPS 
observations collected using TI-4100 receivers over a one-year period beginning in 
September 1987 of the north-south oriented 43-km Loma Prieta to Allison baseline and 
the east-west oriented 32-km Loma Prieta to Eagle baseline were used in the comparison. 
Additional observations from North American CIGNET fiducial sites, typically spanning 
3 to 5 days, were included to improve orbit estimation. Equivalent estimation techniques 
were used to model the atmosphere and satellite orbits. Ionosphere-free bias-fixed results 
using both Bernese and GAMIT are shown in Figure 4.

In general, the Bernese and GAMIT estimates are in good agreement. The north 
component for each baseline differ by less than 1 mm on the Loma Prieta-Eagle baseline 
and less than 5 mm on Loma Prieta-Allison. The weighted root-mean-square (wrms) 
scatter of the north-component estimates about a linear trend 4 mm for both baselines. 
The estimates in the vertical, typically the most poorly resolved component from GPS 
observations, show centimeter-level agreement and several centimeter-level scatter. The 
most significant difference between the Bernese and GAMIT estimates is in the east 
component of both baselines. Although they generally differ by less than 10 mm, four 
estimates differ by up to 25 mm. The wrms scatter of the GAMIT estimates is better 
than that of the Bernese, with the Loma Prieta-Eagle baseline scatter improving from 
15 to 4 mm (equivalent to the north component estimates) and the Loma Prieta-Allison 
scatter improving from 12 to 8 mm. We believe that most of these differences are due 
to the improved ambiguity resolution techniques used by GAMIT, which fixed all biases 
on these short baselines.

6. Farallon Islands Geodolite Network.

North of the San Francisco peninsula, it is difficult to obtain geodetic measurements 
across the San Andreas fault because the fault lies offshore or right on the coast. The 
Farallon Islands, 45 km west of San Francisco, provide a platform for such measurements. 
Since late 1978, the Crustal Strain project has measured a five-line, 50-km trilateration 
network between the Farallons and the coast. Each baseline has been measured 7 to 
12 times with Geodolite. Since 1986, the network has also been observed annually with 
GPS. There is a systematic difference of a centimeter or more between Geodolite and 
GPS measurements. This bias is not observed at other networks measured with both 
Geodolite and GPS, and is unexplained at this time. For the 12 years of Geodolite 
observations, the principal strain rates are 0.134 ± 0.017 //strain/yr oriented N84°W 
± 3° and -0.100 ± 0.018 //strain/yr oriented N06°E ± 3°. This implies a maximum 
engineering shear strain rate of 0.234±0.019 //strain/yr, oriented N39°W ± 3°, consistent 
with the local strike of the San Andreas fault (N40°W). Total fault-parallel displacement 
across the network is 10 ± 1 mm/yr. For the simplest dislocation model of constant fault 
slip below some locking depth, the observed surface deformation requires 23.0 ±2.5 
mm/yr of strike slip below 15 km on the San Andreas fault. However, there is no unique 
solution, and there are other fault geometries for which a satisfactory solution may be 
found.
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7. Surface Deformation After the Loma Prieta, California, Earthquake

Repeated measurements of a 13-station GPS profile extending 100 km across the strike 
of the San Andreas fault near the rupture zone of 1989 Ms 7.1 Loma Prieta earthquake 
show significant post-seismic deformation. We measured the relative positions between 
the geodetic stations 2, 6, 14, 49, 91, 153, 335, and 476 days after the earthquake with 
TI-4100 receivers. All data was reduced with Bernese 3.2 software and relative positions 
are from orbit-improved, fixed-ambiguity solutions. The relative positions appear to 
change linearly with time. We use the average station velocities relative to a station 
20 km east of the fault to describe the post-seismic deformation. The dislocation model 
includes 83 mm/yr of shallow (4 to 11 km depth) and 15 mm/yr of deep (below 11 km) 
right-lateral slip on the San Andreas fault and 15 mm/yr of right-lateral slip on the 
Calaveras fault to approximate the parallel component of the post-seismic velocities. 
The fault-perpendicular velocity is best explained by the horizontal collapse at a rate of 
110 mm/yr of the rupture zone in the depth interval 3 to 7 km.

PARALLEL
i   i   i   i   i   i

     Post-seismic 
Model

PERPENDICULAR
i . i   i . i   i   i   i   i   i

-30-20-10 0 10 20 30 40 50 60 70 

N 45°E Distance, km

-30-20-10 0 10 20 30 40 50 60 70 
N 45°E Distance, km

Figure 5. The fault-parallel and fault-perpendicular relative velocity components as 
a function of distance from the San Andreas fault for the 1.3 year post-seismic 
interval (solid circles), a preliminary uniform slip dislocation model (solid line), and 
the 20-year pre-seismic average measured across a trilateration network (open circles). 
Displacements are relative to the station located 20 km east of the fault.

8. Deformation of the Mt. St. Helens, Washington, Network 1982-1991

The Mt. St. Helens network extends for 120 km along the Cascade Volcanic Arc from 
the Columbia River to just beyond the Cowlitz River. Trilateration surveys in 1982 and 
1991 show a low rate of strain accumulation across the network. Principal strain rates 
(extension reckoned positive) are 0.050 ± 0.020 /zstrain/yr oriented N6°E ± 15° and 
0.019±0.021 /zstrain/yr oriented N96°E ± 15°. The rate of straining, however, does not 
appear to be uniform within the network. Within 20 km of Mt. St. Helens we find a near
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uniaxial north-south extension at a rate of 0.148±0.043 /zstrain/yr. Strain accumulation 
rates in parts of the network farther from the volcano are less than 0.030 /istrain/yr and 
are not significant at one standard deviation.

Reports

King, N.E., and D.C. Agnew, How large is the retrograde annual wobble?, Geophys. Res 
Lett, 18, 1735-1738, 1991.

Lienkaemper, J.J., G. Borchardt, M. Lisowski, Historic creep rate and potential for seismic 
slip along the Hayward fault, California, J. Geophys. Res., 96, 18261-18283, 1991.

Lisowski, M., Recent plate motions and crustal deformation, Rev. of Geophy., 162-171, 1991.

Savage, J.C., and M. Lisowski, Strain accumulation ilong the Denali fault at the Nenana 
River and Delta River crossings, Alaska, J. Geophys. Res., 96, 14481-14492, 1991.

Savage, J.C., M. Lisowski, and W.H. Prescott, Strain accumulation in western Washington, 
J. Geophys. Res., 96, 14493-14507, 1991.

Savage, J.C., Criticism of some forecasts of the National Earthquake Prediction Evaluation 
Council, Bull Seismol. Soc. Am., 81, 862-881, 1991.

448



II

CRUSTAL VELOCITY STRUCTURE AND GROUND RESPONSE IN THE 
PUGET SOUND/WILLAMETTE LOWLAND REGION

9930-03791

James Luetgert, Walter D. Mooney
Branch of Seismology
U.S. Geological Survey

345 Middlefield Road, MS977
Menlo Park, California 94025

(415) 329-4763

Investigations

Despite the importance of the Pacific Northwest as a natural laboratory of active 
tectonic processes, and of seismic and volcanic hazards, only a limited amount of deep 
seismic profiling has been conducted in this region. Our present knowledge of the 
structural framework of the Pacific Northwest is largely based upon projections of surface 
geology to depth, inferences from gravity, aeromagnetic and magnetotelluric data, 
limited seismic reflection data and observed patterns of seismicity. We began to address 
this deficiency in September, 1991, with a major active seismic field program that was 
initiated by the USGS Earthquake Hazards Reduction and Deep Continental Studies 
Programs.

Several key objectives are being targeted in this work:
  Determination of the relationships between seismicity and structure - What is the 

relationship between forearc seismicity and crustal and upper mantle structure? Is there 
a north-south change in crustal structure that correlates with seismicity patterns? Are 
the apparent lineaments in seismicity observed in southern Washington related to 
velocity/structural boundaries? Are there structural boundaries/.offsets which have not 
yet revealed themselves in the seismicity?

  Definition of the tectonic regime of the Pacific Northwest - What is the structure of 
the sedimentary basins of the Puget Sound Basin and Willamette Lowlands and how have 
these basins evolved as accretion has continued to the west? Are the mid- and upper- 
crustal rocks in the Puget Basin cut by subsurface (seismogenic?) fault offsets as inferred 
from gravity and aeromagnetic data? What is the nature and structure of terrane 
boundaries? Do accreted terranes extend to depth?

  Definition of the geometry of the subduction zone interface. - What is the deep 
crustal structure of the Willamette Lowland and Puget Sound Basin? What is the along- 
strike geometry of the continental and oceanic Mohos?

In addition to fundamental seismic velocity and structural information about the 
forearc region, this study provides numerous controlled explosions which are being used 
to calibrate the existing earthquake net, and will provide hundreds of measurements of 
local ground response and apparent attenuation within the Puget Sound and Willamette 
Valley region.

A high resolution seismic refraction/wide-angle reflection profile was collected in two 
end-to-end 250 km segments extending from the US-Canada border to the southern end 
of the Willamette Lowlands in central Oregon. These two segments were located (1) on 
the east flank of the Puget Sound Basin of Washington and (2) on the west flank of the
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Willamette Lowland of Oregon. Recording instruments were sited at -700 m intervals 
along the profile and shotpoints were located at 25-30 km intervals. A third, east-west, 
segment was located across the central Oregon Coast Ranges and up to the foothills of the 
Cascades Range. A total of 24 large bore-hole shots, ranging in size from 900 to 1800 kg, 
were fired, and recording was accomplished with a large complement of seismographs, 
including: 200 Seismic Group Recorders (SGRs), 185 PRS-ls, 18 PRS-4s, 30 6-channel 
REFTEKS, 120 FM-Cassette recorders, and two 96^channel seismic reflection spreads. 
These profiles provide more than 700 km of deep seismic data, and define the crustal 
and upper mantle structure in unprecedented detail.

The principal goal in FY91 was the collection, collation and distribution of the data. 
In FY92, the data will be analyzed and interpreted using existing forward modeling and 
inversion techniques. These data will provide velocity and structural control for the 
crust and upper mantle in the fore-arc region and will provide constraints on the 
interpretation of gravity, aeromagnetic, magnetotelluric, seismic reflection, and 
seismicity data. The resultant structural framework is essential to the accurate 
evaluation of mechanisms for crustal earthquakes and will substantially improve our 
ability to locate and evaluate earthquakes recorded by the existing earthquake net.

49°

126° 124° 122° 120° 

Location of the three profile segments recorded in 1991.
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Results

The field program was successfully completed in September, 1991 with participation 
of numerous institutions including University of Texas at El Paso, Oregon State 
University, University of Wyoming, University of British Columbia, Geological Survey of 
Canada, University of Victoria. In spite of generally noisy recording conditions due to 
the high population density in this area, first arrival energy was seen to distances 
exceeding 280 km.

The data is presently being played back and collated for analysis. From examination 
of preliminary data playbacks, it is clear that both the Puget Basin and the Willamette 
Lowlands show thick sedimentary sections of variable thickness along the profiles. Local 
first arrival time delays help delineate sub-basins. In general for the north-south 
segment at the eastern margin of the Puget Basin, clearly identifiable arrivals are limited 
to first-breaks with little PmP energy and, as yet, no identified Pn arrivals. The northern 
half of the north-south segment at the western margin of the Willamette Lowlands 
appears to be similar to the Puget Basin segment. Its southern half, in contrast, exhibits 
strong wide-angle reflections, likely from the mid-to-lower crust.

Reports The following papers were published (or in press) by the P.I.'s in FY90/91:
(Abstracts excluded)

1. (A) Luetgert, J.H., Mooney, W.D., E. Criley, G.R. Keller, J. Gridley, K. Miller, 
A. Trehu, J. Nabelek, S.B. Smithson, C. Humphreys, N.I. Christensen, R. Clowes, 
and I. Asudeh, 1991. Crustal Architecture of the Pacific NW: The 1991 Seismic 
Field Experiment, EOS. 72:44:323.

2. (A) Mooney, W.D., J.Luetgert, E. Criley, G.R. Keller, J. Gridley, K. Miller, A. Treliu, J. 
Nabelek, S.B. Smithson, C. Humphreys, N.I. Christensen, R. Clowes, and I. 
Asudeh, 1991. The 1991 Pacific Northwest Seismic Field Experiment, EOS.
72:44:326.

3.(P) Hughes, S. and Luetgert, J.H., 1991, Crustal structure of the New England 
Appalachians and the Adirondack Mountains, Jour. Geophys. Res. 96, BIO, 
16,471-16,494.

4.(P) Hughes, S. and Luetgert, J.H., 1991, Crustal structure of the Southeastern 
Grenville Province, Northern New York State and Eastern Ontario, Jour. Geophys. 
Res. (in press)

5.(P) Hennet, C., Luetgert, J.H., and Phinney, R.A., 1991, The crustal structure in 
central Maine from coherency processed refraction data, Jour. Geophys. Res., 96, 
12,023-12,037.

6.(P) Zelt, B.C., Ellis, R.M., Clowes, R.M., Kanasewich, E.R., Asudeh, I., Luetgert, J.H., 
Hajnal, Z., Ikami, A., Spence, G.D., and Hyndman, R.D., 1991, Crust and Upper 
Mantle Strucure of the Intermontane Belt, Canadian Cordillera, Can. Jour. Earth 
Sci. (in press)

7.(P) Ocola, L.C., Luetgert, J.H., Aldrich, L.T., Meyer, R.P., and Helsley, C.E., 1991, 
Velocity structure of the coastal region of Southern Peru from seismic 
refraction/wide-angle reflection data, B.S.S.A. (in press)
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8. (P) Mooney, W.D. and Meissner, R., 1991, Multi-genetic origin of crustal reflectivity: 
a review of seismic reflection profiling of the continental lower crust and Moho, 
in: The Continental Lower Crust, D. Fountain^ R. Kay, and R. Arculus, editors, 
Elsevier, Amsterdam (74 MS pg., 15 Figs., in press).

9. (P) Durrheim, R. A. and Mooney, W. D., 199U Archean and Proterozoic crustal 
evolution: evidence from crustal seismology, Geology, 19, 606-609.

10. (P) Catchings, R.C. and Mooney, W.D., 1991, Basih and Range crustal and uppermost 
mantle structure, Northwest to central Nevada, Jour. Geophys. Res., 96, 6247- 
6267.

11. (P) Hamilton, R.M. and Mooney, W.D., 1990, Seismic-wave attenuation associated 
with crustal faults in the New Madrid Seismic Zone, Science, 248, 351-354.

12. (P) Kenya Rift International Seismic Project (KRISP) Working Group (Forty co-authors, 
including W. D. Mooney and J.H. Luetgert), 1901, The structure of the Kenya Rift 
Valley from a recent lithospheric explosion seismic experiment (KRISP 90), Nature 
(submitted 5/91).

13. (P) Fuis, G.S. and Mooney, W.D., 1990, Lithospheric structure and tectonics from 
seismic refraction and other data, in: R.E. Wallace, editor, The San Andreas Fault 
System, California, U.S. Geological Survey Pro! Paper 1515, 207-236.

14. (P) Stanley, W.D., Mooney, W.D., and Fuis, 1990, Deep crustal structure of the
Cascade Range and surrounding regions from seismic refraction and
magnetotelluric data, Jour. Geophys. Res., 95| 19,419-19,438.

15.(P) Fuis, G.S., Ambos, E.L., Mooney, W.D., Chrikensen, N.I., and Geist, E., 1991, 
Crustal structure of accreted terranes in the Chugach Mountains and Cooper 
River Basin, southern Alaska from seismic refraction results, Jour. Geophys. Res.,

16.(P) Meissner, R. and Mooney, W.D., 1991, Speculations on continental crustal 
evolution, EOS, Am. Geophys. Union, (8 Ms. Pgs., 3 Fig.), in press (short 
contribution like a Geology article).

17.(P) Mooney, W.D., and Meissner, R., 1991, Continental crustal evolution: 
Geophysical Observations, EOS, Am. Geophys. Union, (13 Ms. Pgs., 4 Fig.), in 
press (companion paper to above; also like a Geology article).

18.(P) Benz, H.M., Smith, R.B., and Mooney, W.D., 1990, Crustal structure of the 
western Basin-Range Province, Nevada, from sdsmic refraction data: results from 
the 1986 IRIS-PASSCAL investigation, Jour. Geophys. Res., 95, 21,823-21,842.

19.(P) Holbrook, W.S, Mooney, W.D., and Christensen, N.I., 1991, Seismic velocity 
structure of the lower continental crust, in The Continental Lower Crust, D. 
Fountain, R. Kay, and R. Arculus, editors, ElSevier, Amsterdam (50 MS pg., 13 
Figs., in press).
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TEMPORAL AND SPATIAL BEHAVIOR OF LATE QUATERNARY FAULTING,
WESTERN UNITED STATES

9950-04540

Michael N. Machette
Branch of Geologic Risk Assessment

U.S. Geological Survey, Box 25046, MS 966
Denver, Colorado 80225

(303) 236-1243

PURPOSE OF PROJECT

To define regional variations in the time-space distribution of late Quaternary paleoseismic activity as a 
guide to understanding the accumulation and release of strain on extensional faults in the Western United 
States. This project serves as an umbrella for diverse but interrelated paleoseismic studies in the interior 
of the Western United States. We will study selected historic faults to interpret the paleoseismic and 
neotectonic history in regions of active faulting, especially those in the Central Nevada Seismic Belt. 
Our research will apply paleoseismologic studies to important problems at three different scales by: (1) 
refining methodologies for dating fault movements that are applicable to a wide variety of tectonic prob­ 
lems and areas, (2) examining the long-term behavior and interaction of faults in a broad region (ca. 
20,000 km2) that are exposed to the same regional stress field, and (3) studying the time-space distribu­ 
tion of strain release in the upper crust on a regional (province-wide) scale.

INVESTIGATIONS

1. Kathy Haller and Michael Machette are compiling a database of Quaternary faults in a neotectonic 
transect across the Basin and Range Province from the Wasatch fault zone to the eastern front of the 
Sierra Nevadas. The limits of the transect are 39° and 41° N. and 111° and 120° W. This east-west tran­ 
sect allows us to build upon the Wasatch fault zone study (Machette and others) and the I°x2° quadrangle 
fault mapping in Utah by BGRA personnel (Anderson, Barnhard, and Bucknam). Thus, our main concern 
for completing a systematic fault study now lies with parts of Nevada; previous mapping in Nevada by 
Barnhard (Elko I°x2°), Wallace (Winnemucca I°x2°), and Bell (Reno I°x2°) can be used with the addition 
of specific age data for faults. This past summer, Haller (assisted by Jim Goddard, Utah State 
University, Logan) completed field reconnaissance of late Quaternary faults in the eastern half of the 
Millett I°x2° quadrangle last summer and she has been analyzing FY 90 data for the Ely I°x2° quadrangle. 
This leaves the Lovelock and and western half of the Millett I°x2° quadrangles as our main mapping 
objectives for the next 2 years (FY 92-93).

These fault data are being compiled using the USGS's PG-2 analytical plotter and aerial pho­ 
tographs (for digitization at a scale of 1:24,000 using ARCINFO and for publication at 1:250,000 scale). 
Most of the mapped faults have been compiled at 1:24,000 scale; digitization awaits installation of a 
multiuser ARCINFO license, implementation of Ala Carte (Macintosh-based front end for ARCINFO), 
and acquisition of new Ethernet communications software (Pathworks); all of which should be in place by 
late 1991. We will be cooperating with personnel of the Nevada Bureau of Mines (John Bell and col­ 
leagues), and the University of Nevada's Center for Neotectonics (Steven Wesnousky and colleagues) in 
this compilation.

2. In late September, Machette and Haller excavated six exploratory trenches south of Winnemucca, 
Nev. Four sites on the 1915 Pleasant Valley rupture were selected and trenched in order to investigate 
the timing of prehistoric faulting; two additional sites on nearby pre-1915 fault scarps were trenched. 
Kelvin Berryman of the New Zealand Geological Survey will be cooperating in this aspect of our study.
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3. Although not funded by NEHRP, Crone and Machette completed a manuscript that describes the 
results of their 1991 Gilbert Fellowship field studies of the 1988 earthquakes at Tennant Creek, 
Australia. The manuscript has been submitted for publication as a USGS Bulletin and contains litho- 
logic/structural logs of the four trenches, detailed site maps, plots of scarp profiles, and preliminary 
results of TL and ESR dating. In addition, they prepared two abstracts for the GSA meeting in San Diego 
in October 1991.

4. Machette spent about half of the reporting period as chairman of a USGS Review Panel for the 
Jordanelle Dam near Heber, Utah. The Panel was convened by Rob Wesson (OEVE Chief) at the request 
of the Utah Congressional Delegation and given the charge to assess the adequacy of the Bureau of 
Reclamation's investigations of geotechnical problems at the Jordanelle site.

RESULTS

1. Fault scarps in the eastern half of the Millett I°x2° quadrangle appear to be generally younger than 
those in the Ely I°x2° quadrangle to the east on the basis of initial aerial-photo reconnaissance and scarp 
morphology data collected this summer and previously by Pearthree and others (1990; USGS Contract 
Report 14-0001-08-G1360). The distribution of scarps is denser in the Millett quadrangle than to the east, 
and several faults cut deposits related to the most recent pluvial episode (latest Pleistocene, ca. 12-15 
ka). Some of the longer range-front faults, such as the Toyaibe, appear to be segmented, on the basis of 
their ages of most recent movement. In addition, frontal faults of the Cortez, Eastgate, Simpson Park, 
Toyaibe, and Shoshone Ranges and piedmont faults in Crescent Valley appear to have been active in the 
Holocene. Thus, the abundance of scarps, their often fresh appearance, and their crosscutting relations 
with young lake deposits indicate much more late Quaternary fault activity in the Millett and 
Winnemucca I°x2° quadrangles than in eastern Nevada (Elko and Ely I°x2° quadrangles) and western 
Utah. This relation becomes even more pronounced westward in the Central Nevada Seismic Belt 
(Fairview Peak, Dixie Valley, and Pleasant Valley faults). The region of minimum paleoseismic activ­ 
ity in the Nevada part of the transect appears to be the nortrHsouth corridor between Eureka and Ely, 
which lies near the medial and highest part of the Basin and Range Province. However, even this region 
has relatively abundant late Quaternary fault scarps compared to the western part of Utah, with the 
Fish Springs fault being the notable exception. We are beginning to see evidence that the position of the 
Central Nevada Seismic Belt and the surrounding area of relatively high paleoseismic activity (in rela­ 
tion to the province as a whole) reflects the loci of modern, active extension that is concentrated along the 
western margin of the province, which contains the topographically lowest valleys in the northwestern 
part of the Basin and Range. On the other hand, the frequency of surface-rupturing earthquakes (M 7+) on 
the Wasatch fault zone (about 400 years vs tens of thousands of years for adjacent faults) could represent a 
trailing-edge effect as the Basin and Range Province (as a whole) moves westward from the Colorado 
Plateaus and Rocky Mountains Provinces; the Wasatch fault Zone is bounds the lowest basins of the 
northeastern part of the Basin and Range Province. Further development of the relation between topog­ 
raphy and recency and abundance of faulting requires completion of our mapping of Quaternary faults in 
western Nevada and analysis of scarp data to delineate spatial and temporal patterns and timing of 
Quaternary faulting.

2. The four trenches across the surface rupture of the 191$ Pleasant Valley earthquake, south of 
Winnemucca, Nev., reveal evidence of several prehistoric faulting events. Two trenches each were 
placed across the Tobin and Pearce scarps (the medial sections of the 1915 rupture), but no suitable trench­ 
ing sites were found on the China Mountain or Sou Hills scarps (the distal sections of the 1915 rupture). 
The Mazama ash (ca. 6,600 yr B.P.) outcrops along Sheep Creek near the north end of the Tobin scarp. 
The ash is within terrace alluvium that appears to have beefn faulted by only one event the 1915 
earthquake. Thus, the minimum recurrence interval for a "Pleasant Valley like" earthquake is at least 
6,600 years, and may be substantially more (several tens of thousands of years?). The scarp we excavated 
about 50 m south of Sheep Creek is >7 m high on pre-late(?) Pleistocene alluvium and colluvium, indicat­
ing a history of multiple faulting events. The second site, which
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northwest of the Sheep Creek site), exposes pre-late(?) Pleistocene alluvium with a thick, well-devel­ 
oped Bt horizon that probably is faulted by only one or two prehistoric events (total scarp height of about 
1 m). This site is near the northern end of the Tobin scarp and may not record all of the events that 
occurred at the Sheep Creek site to the south.

The third and fourth trench sites are on the Pearce scarp, which is a right-stepping extension of the Tobin 
scarp to the south. Both trenches along the Pearce scarp cross large (8-13 m high) scarps that clearly 
resulted from multiple prehistoric faulting events. The tectonic stratigraphy in these trenches is domi­ 
nated by loess (derived from Quaternary lake deposits) and debris flows that postdate the underlying 
platform of middle(?) Pleistocene alluvium; as such, these trenches present special challenges to map and 
decipher previous faulting events. However, small pockets of Mazama ash are preserved in a wide 
graben exposed in a trench near Siard Canyon, and we are hopeful that other datable horizons will be 
found. No trenches were excavated along the China Mountain and Sou Hills scarps because evidence of 
prior faulting is sparse, recorded on bedrock or steep hillslopes, or restricted to small (1-m-high) scarps on 
pre-late(?) Pleistocene alluvium.

Two additional trenches were excavated along fault scarps that were not ruptured in 1915. The southern 
trench crosses a 9-m-high scarp that is a basinward splay of the Tobin scarp, and the northern trench 
crosses a 4-m-high scarp of the frontal fault of the Sonoma Range near Elbow Canyon in Grass Valley, 
about 12 km south of Winnemucca. Both of these trenches show evidence of multiple faulting events, 
which should be datable using TL and C14 analysis. The history of faulting along the Sonoma Range is 
particularly interesting in that it may indicate if the Central Nevada Seismic Belt has reoriented itself 
into a northeast-trending zone (China Mountain/Tobin/Pearce/Sou Hills) from a former a north-trending 
zone that included Grass Valley.

We hope that careful mapping and TL dating will help us decipher the timing of prehistoric faulting 
events along the Pleasant Valley scarps and nearby scarps. The results of this study will be compared to 
recent work by Bell and dePolo on the 1934 Cedar Mountain faults, prior work by Bell on the 1954 Dixie 
Valley fault, and to work planned by Wesnousky on the 1954 Fairview Peak fault. Within the next few 
years we should be able to assemble a realistic paleoseismic chronology for the Central Nevada Seismic 
Belt and will be able to assess whether its recent history of spatial and temporal clustering is character­ 
istic for the Quaternary and whether this seismic zone may be a reasonable analog for other major exten- 
sional fault zones in the Western United States, such as the Wasatch fault zone in Utah.

3. Preliminary results from our Gilbert Fellowship research on the Marryat Creek and Tennant Creek 
sites (Crone and others, 1991, in press; Machette and others, 1991) show that these historic intraplate 
earthquakes reactivated ancient faults. However, there was no clear evidence of fault-scarp derived col- 
luvium in the Quaternary deposits in any of the six trenches, and there is no compelling geomorphic evi­ 
dence of prehistorical faults scarps at any of the sites. The oldest age estimates that John Prescott 
(University of Adelaide, Australia) has obtained for us on eolian sand at Tennant Creek is 61±5 ka. 
These relations indicate that the historical earthquakes were associated with faults that had ruptured 
in the past, but that the recurrence interval for surface-rupturing earthquakes on these faults is probably 
measured in time increments of tens of thousands of years and possibly hundreds of thousands of years or 
more (millions of years?). These investigations of historical intraplate faulting and our brief observa­ 
tions of a trench across the 1968 Meckering (WA) fault scarp suggest that Australian intraplate faults 
have long repeat times; with this in mind, the concept of recurrence intervals may not be appropriate for 
earthquakes that occur in the 'stable' interiors of continents. Perhaps hazard assessments in Australia 
and other continental interiors should be based models where moderate- to large-magnitude earthquakes 
can occur at any time on suitably oriented faults, rather than only on faults having demonstrable 
Quaternary movement.

4. The USGS Review Panel prepared an Open-File Report (91-398) which summarized their investiga­ 
tions into geotechnical aspects of the Jordanelle damsite near Heber, Utah. The Review Panel concluded 
that they found no safety concerns relating to geologic or seismologic issues that remain to be resolved.
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The near-complete exposure of the foundation rock, an effort which is unprecedented for a damsite such as 
Jordanelle, has provided an excellent base for the U.S. Bureau of Reclamation's comprehensive and 
detailed mapping of the foundation exposures and allowed them to integrate extensive subsurface drill­ 
hole data with surface geology. The Panel reviewed the U.S. Bureau of Reclamation's investigations at 
the Jordanelle damsite with reference to purported hazards from active faulting, leaky and crumbly 
foundation rock, landsliding, embankment failure due to ground shaking from earthquakes, and induced 
seismicity each of which are important considerations in the design and construction of a critical facil­ 
ity. The Panel was satisfied that the U.S. Bureau of Reclamation had fully demonstrated that these 
issues do not constitute a bona fide threat to the dam.
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The Downhole Seismology Project at Parkfield

USGS, #14-08-0001-G1968
P.E. Malin and M.G. Alvarez

Duke University, Durham, NC

Introduction.

In the past year and a half the MEQ data reduction and our analysis part of the 
Parkfield Downhole Seismology Project has been performed at Duke University, in 
Durham, NC. Data are continuing to be distributed to UCB and the USGS on a weekly 
basis, using both a new computer transfer via FTP and Email, as well as the traditional 
mailing of tapes. In 1991, we have published or have participated in the publishing 
of the following paper based on data from the project:

1991 Malin, P.E., and M.G. Alvarez. Stress Diffusion along the San Andreas Fault at 
Parkfield, Manuscript submitted to Science in 4/91.

Current Investigations.

Our must recent work has concentrated on the regional distribution of 
microearthquake moment release near Parkfield. By separating microearthquakes by 
region, we have observed a location-dependent increase in the rate of cumulative 
moment (and, by implication, fault slip) near and on the San Andreas fault at 
Parkfield, CA. The subset of events outside of the Parkfield segment of the San 
Andreas fault show increased rates of cumulative moment beginning in April 1990. 
The subset at Parkfield shows the same increase some 4 to 8 months later. Prior to this 
change and back as far as June 1987, the average cumulative moment rate was nearly 
constant, except for the occurrence of an M=4 event in May 1989. Since this event, 
the cumulative moment rates have increased non-linearly with time. We suggest the 
data give evidence of a southward diffusing stress front, propagating at a speed of 45 
to 90 km/yr.

The region of the Parkfield microearthquake study is shown in Figure 1, along 
with the epicenters of all the events and the sites of the borehole seismographs used 
to detect and locate them. Figure 2 shows these events in cross section. Figure 3 shows 
the cumulative moment of Parkfield events from June 1987 to several months after 
May 1989, when the M=4 event took place. This earthquake occurred midway between 
the 2 southernmost recording sites and at a depth of more than 8 km, a somewhat 
uncommon location for events of any size. The moments of individual events were 
calculated by integrating the S-wave displacement and velocity spectra over 
frequency and assuming that the resulting values fit a frequency-squared model of 
the earthquake source (5). Summing these moments as a function of time yields the 
curve in Figure 3, which also shows the least-squares trend line and resulting 
residuals. (For reasons of scale, the moment of the M=4 event has been omitted from 
the figure.)

The trend line and residual moments suggested to us that Parkfielc 
microearthquake activity was being driven by some steady process in which the fault 
would slip rapidly forward in one period, as evidenced by increased activity, only to 
lag behind in the next period. It thus seemed possible to anticipate periods of overall 
increased and decreased seismicity, albeit without reference to any particular
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location, event size, or precise timing. The M=4 event occurred in a period when 
microearthquake activity was lagging behind the average. However this event was 
not anticipated on the basis of the prior cumulative moment data, as no events of this 
magnitude took place in the earlier lulls in cumulative moment. A significant 
departure from this trend began after the first quarter of 1990, and differed by 
region, as illustrated in Figure 4.

The change in seismic activity can be separated by region, as indicated by the 
boxes shown in Figures 1 and 2. Boxes 3 and 4 divide the seismicity taking place on 
the San Andreas fault into northern and southern segments, Box 3 and 4 contain the 
Parkfield segment, Box 2 containing the segment to the north. Box 1 contains all 
events surrounding but not on the Parkfield segment. We propose that the 
cumulative moment data give evidence of a stress diffusion process taking place 
somewhere below the seismically active region north of Parkfield. Our proposal stems 
from the observation that the 1990 change in cumulative moment took place first in 
the north and then some 4 to 8 months later in die south. Since the distance between 
the centers of the boxes used to separate the regions is about 30 km, the propagation
speed of the implied disturbance is on the order of 45 to 90 km/year. Theoretical
analysis of stress relaxation below the seismogenic zone indicates that when 
propagation speeds are reduced to less than 100 to 200 km/year by "barriers" or 
"asperities" (inhomogeneities in crustal strength), the result is elastic loading of 
these features (12). The rate of loading would be proportional to the seismicity and 
the trend of the cumulative moment.

Figure 1. Map showing locations of the Parkfield borehole seismographs (triangles),
the epicenters of 2,187 microearthquakes, and th^ regions discussed in the text and
other figures. The westward fanning of events in Box 2 is due in part to the poor
station coverage and faster velocities in this region.
Figure 2. Hypocenters of events in Boxes 2, 3 and 4 projected onto vertical planes
through the zone of highest seismicity in each box. These planes probably
correspond to the San Andreas fault. The seismicity in Box 3 shows clustering which
is not seen in Box 2. The dashed lines indicate the approximate outlines of the
aseismic patches where moderate earthquakes might take place in the future (1). The
recording stations are shown as solid triangles.
Figure 3. The cumulative moment, trend for all four boxes, This figure illustrates the
southward migration of moment release described
front). The M=4 event that occurred in 5.89 is removed from the moment contribution 
and shown by the vertical dotted line.
Figure 4. Seismicity along the trend of the SAF

in text (interpreted as a diffusion

through time. The magnitude of the
events are represented by the varying size of circles and by contours. Arrows point 
out the proposed diffusion front described in text 
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Parkfield EQS dated 12 311988 to 05 011991
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Relative Cumulative Moment (dyne-cm)
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Leveling survey of the Imperial 
Valley Mekometer network

14-08-0001-G1961

Ronald G. Masonj 
Geology Department
Imperial College 

London SW7 2BP, England 
011-44-71-589-5111

Investigation

This preject involves leveling the main block ojf the existing high precision 
edm network to first order accuracy and extending it, and the measurements, to 
provide better coverage of the Imperial fault and Brawley seismic zone north 
of their junction (Figure 1). This is the first time any part of the network 
has been leveled. The results will produce no immediate scientific return, 
but will provide a basis for monitoring future movements in three dimensions.

Results

The fieldwork, started during the last week of January, was completed by the 
end of April. 172 stations in the-main block, and 48 in the extension, were 
leveled using trigonometric techniques. Connections were also made to 17 NGS 
benchmarks, five of which have been occupied repeatedly by GPS during the past 
few years. In all, this involved about 400 km of leveling line. Analysis of 
the results indicates a mean standard error of 1.77 mm, which compares with a 
standard error of about 0.9 mm in the most recent (1987) edm survey. Note 
that until they are tied in horizontally to the previously existing network, 
the new stations can be used only for monitoring vertical movements.

It was not part of the 1991 program to make horizontal measurements. However, 
because of an impending kinematic GPS survey of a substantial part of the main 
block by Yehuda Bock, Scripps Institution of Oceanography, whose purpose was 
to evaluate kinematic GPS as an alternative to classical techniques for 
surveying spatially dense small-aperture networks, we remeasured the lengths 
of all lines crossing the Imperial fault, where the greatest changes since 
1987 were to be expected.

Details of the GPS survey have been given elsewhere (Bock, Y. and J. Genrich, 
1991). In brief, 67 main block stations and five NGS benchmarks were occupied 
during four days in early May (Figure 1). The results, which have not yet 
been fully evaluated, will allow comparison of the 1991 vertical GPS 
measurements with the results of our near simultaneous leveling survey, and 
the 1991 horizontal GPS measurements with the results of our 1987 edm survey 
and our 1991 survey of fault-crossing lines.

Bock, Y. and J.F. Genrich (1991), High temporal and spatial resolution of 
crustal deformation with GPS, U.S. Geol. Survey Open File Rept. 91-352, pp 
232-242.
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I.F. B.S.Z.

 /  ' /y  
    /       .

Holtville

Figure 1. Stations leveled in 1991. Newly built stations, for which 
horizontal coordinates are not yet available, are indicated 
by open circles. Large solid circles indicate stations used 
also in the kinematic GPS survey.
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BAY AREA SEISMIC IMAGING EXPERIMENT (BASIX)

9460-30071,9930-04323

J. McCarthy, T. Brocher and the BASK Working Group 1 
Branches of Pacific Marine Geology and Seismology

U. S. Geological Survey
345 Middlefield Road, MS/999
Menlo Park, California 94025

(415) 354-3140; (415) 329-4737

Investigations

The principal subject of investigation was the imaging of the structure of the crust in the 
San Francisco Bay Area using an integrated suite of seismic reflection and refraction profiling 
methods.

In September, 1991, nearly 80 km of deep-penetration multichannel seismic reflection 
profiles were acquired in the Sacramento Delta and San Francisco Bay from near Antioch (Rio 
Vista) to the Golden Gate and beyond to the offshore extension of the San Andreas fault (Figure 
1). These profiles were acquired using a 5858 cu. in. airgun array towed from the S.P. Lee 
recorded using 60 to 120 moored hydrophones whose signals were telemetered for recording on 
the S.P. Lee. The receivers were spaced at 50 to 100 m intervals and the S.P. Lee fired its airgun 
array at 50 m intervals to obtain the 100- to 400 fold reflection profile. The data were recorded to 
16 s to insure the imaging of the entire crust down to the Moho.

More than 60 temporary seismic recorders were positioned both on and offshore to record 
seismic signals generated by the airgun array at wide-angles (Figure 1). The USGS deployed 23 
five-day recorders along the seismic reflection lines to record seismic reflections and refractions to 
offsets as large as 250 km. Investigators from Stanford University deployed 36 PASSCAL Reftek 
recorders, mainly in a fan geometry, to look for offsets in arrival times of reflections from the 
upper mantle at the major strike slip faults in the Bay Area. Investigators from the Branch of 
Atlantic Marine Geology and Woods Hole Oceanographic Institution deployed an array of 5 ocean- 
bottom seismometers in two locations to provide more accurate velocity and reflection control on 
the crustal structure beneath the San Francisco Bay and the outer continental shelf offshore the 
Peninsula. In addition,the permanent CALNET array recorded the S.P. Lee airgun shots; these 
data have been dubbed and selected stations will be examined to complete the wide-angle coverage.

A third component of seismic reflection profiling conducted by BASIX consists of high- 
resolution seismic imaging of the shallow sedimentary sequence within the San Pablo and San
Francisco Bays. Two surveys were conducted in the fall of 1991, totalling more than 80 km,
using the David Johnson, to provide detailed information for the delineation of fault traces and 
structure within the bays.. Both analog and digital high-resolution profiles were recorded, using 
both Uniboom and airgun sources.

BASIX Working Group includes: R. Anima, J. Child s, P. Hart, and M. Marlow of the
Branch of Pacific Marine Geology; R. Clymer, D. Jones, E 
Williams of UC Berkeley; M. Moses and A. Michael of the

. Karageorgi, T. McEvilly, and Pat 
Branch of Seismology; U. ten Brink

of the Branch of Atlantic Marine Geology; S. Holbrook of Woods Hole Oceanographic Institution; 
S. Klemperer and G. Thompson of Stanford University; and K. Furlong of Pennsylvania State 
University.
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Results

1. Deep-penetration Multichannel Seismic Reflection Profiling in San Francisco Bay

The vast amount of multichannel seismic reflection data recorded by the S.P. Lee are in the 
process of being demultiplexed and edited at the DISCO Seismic Reflection Processing Center in 
Menlo Park, The data, recorded as common shot gathers, are being sorted to common receiver 
gathers to facilitate the editing and processing of: the data. About 30% of the data have been played 
out, we expect to complete the processing of these data in FY92. Preliminary analysis of these 
data indicate the presence of several reflections in the upper 6 s of the crust (see example in Figure 
2), which we expect to help us delineate the subsurface geometry of the major faults in the Bay 
Area.

2. Wide-angle Seismic Reflection and Refraction Profiling

Data from ten OBS wide-angle stations recorded by the USGS have been reduced and 
plotted. Five of these stations recorded along the offshore California margin. The data recorded 
are of high-quality (see Figure 3) and will be used to constrain the velocity and crustal structure of 
the continental margin. The remaining OBS profiles were acquired in San Francisco Bay. These 
profiles show mid- to lower-crustal reflections which will.be important for the evaluation of the 
along-strike continuity of crustal reflectors. |

Data recorded by the USGS five-day recorders are in the initial stage of playback. 
Preliminary plots of selected portions of these data indicate that signals generated by the airgun 
array are observed to ranges in excess of 140 km, and these data should allow resolution of the 
crustal structure and velocities in the vicinity of the East Bay faults (Figure 4). Due to the high- 
density of five-day stations along the Bay, we also plan to construct a low-fold seismic reflection 
profile along the multichannel reflection data to determine whether recording the airgun signals 
onshore produces a higher-quality reflection image of the middle to lower crust.

Wide-angle data recorded by Stanford University using PASSCAL Reftek recorders are 
also in the initial stage of analysis. Preliminary plots show that the quality of these data is similar 
to that recorded by the five-day recorders, and should provide important constraints on the 
existence of major structural changes across the main seismogenic faults in the Bay Area.

Wide-angle data recorded by the CALNET array is in the process of being dubbed and 
analyzed. We plan to invert the first arrivals on these data using tomography to obtain a 3- 
dimensional seismic velocity model of the crust in the Bay Area. Data from selected CALNET 
stations will also be used to supplement the recordings made by the USGS OBSs and five-day 
recorders as well as those obtained by the PASSCAL Refteks deployed by investigators from 
Stanford University.

3. High-Resolution Seismic Reflection Profiling

These data were acqurired to determine the Neogene stratigraphy and deformation patterns 
in the San Francisco and San Pablo Bays. The analog data are in the process of being analyzed for 
the AGU Meeting in December, but reveal a number of important, if currently poorly understood, 
structures in the Neogene record. The tilting and geometry of observed reflections in San Pablo
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Bay correlate with interpretations of the prominent gravity anomaly over this bay. Basin-filling 
sediments thicken westward while clear evidence of faulting and disruption can be observed on the 
eastern side of the bay in the vicinity of the Rodgers Creek fault. Faulting along the Hay ward fault 
is observed, although the offsets are subtle and will require much more analysis before the 
observed deformation can be fully understood. Observed scour and fill near Pittsburg can be 
related to the last glacial lowstand, and provide the basic framework to understand the original 
shape of the bay and recent stratigraphy. The digitally recorded high-resolution data are being 
processed, mainly to suppress multiple reflections.

Reports

Anima, R., and P. Williams, High resolution marine-profiling in BASIX: Complex structures of
major East Bay faults, EOS Trans. AGU, 72, 446, 1991. 

Brocher, T.M., S.L. Klemperer, U.S. ten Brink, and W.S. Holbrook, Wide-angle seismic
profiling of San Francisco Bay Area faults: Preliminary results from BASIX, EOS Trans.
AGU, 72, 446, 1991. 

Furlong, K.P., J. McCarthy, T. McEvilly, Geometry and kinematics of the Pacific-North
American plate boundary in the San Francisco Bay Area: A testable model for BASIX, EOS
Trans. AGU, 72, 445-6, 1991. 

Hart, P.E., and R. Clymer, Geometry of San Francisco Bay Area faults: Preliminary results from
BASIX, EOS Trans. AGU, 72, 446, 1991. 

Holbrook, W. S., and U. S. ten Brink, Preliminary cruisp report - San Francisco Bay and Margin
Seismic Experiment, Ocean Bottom Seismometer Operation, Sept. 1991.17 pages, 11 figures,
Sept. 1991. 

Jones, D.L., AJ.H. Lomax, and T.V. McEvilly, BASIX Motivation: Tectonics of a transpressive
plate boundary - A new paradigm for the Central California Coast Ranges, EOS, Trans. AGU,
72, 446, 1991. 

Klempere, S.L., and BASIX Working Group, Bay Area Seismic Imaging experiment: Fan-
profilingto Image the maximum depth of penetration of the San Andreas, Hayward, and
Calaveras faults, EOS, Trans. AGU, 72, 446, 1991.
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ACTIVE MARGIN TECTONICS, PACIFIC NORTHWEST REGION

9910-04492

P. A. McCrory

Branch of Engineering Seismology and Geology
U. S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5677 or (FTS) 459-5677

Investigations undertaken

FY91 research focused on the record of late Cenozoic tectonism preserved along the 
northwestern Pacific margin. Current work involves detailed study of sedimentary 
sequences in coastal southern Washington selected to obtain as complete a time record as 
possible and to document regional variation in the amount of vertical tectonic movement. 
FY89 field investigations identified several sites along coastal Washington with 
geomorphic and stratigraphic evidence of youthful folding, faulting, uplift or 
subsidence. Strata at these sites are being measured and sampled in detail for tephra, 
microfossil, depositional facies, and geohistory-backstrip analyses.

Geologic field investigations during this reporting period included stratigraphic 
measurement, description, and sampling of the North Pratt Cliffs, Cape Elizabeth, and 
Whale Creek-Raft River sections of the Quinault Formation.

Construction of a geologic cross-section of the tilted and faulted Pleistocene deposits 
exposed in the sea cliffs in the Raft River area to quantify the amount of tectonic 
shortening.

Field reconnaissance in the Raft River area for evidence of recent tsunami-subsidence 
occurrence. Submission of fossil wood material for 14C age dating of a possible tsunami- 
subsidence deposit.

Collection of peat and fossil shell material from an upper Pleistocene deposit in the 
Kalaloch area for Ur-series and ESR age dating.

Lab investigations during this reporting period included microscope analysis of 
microfossil material from sedimentary rock samples collected in FY89 and processed in 
FY90andFY91.
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Results obtained

1. The three sedimentary sequences measured and described during FY91 display evidence 
of syndepositional deformation such as slumping, l^quifaction, sand venting which may 
be related to seismic shaking. Contacts between the Quinault Formation and the 
underlying accretionary prism rocks (Hoh Formation) suggest active diapirism during 
deposition of the Quinault Formation. There is some evidence that diapirism continued 
into the late Quaternary.

| |
2. Documented offsets of an upper Pleistocene deposit at several sites along the coast. Some 

offsets clearly reflect tectonic activity, others may be caused by landsliding.

3. Rock samples collected in FY89 have been reprocessed to concentrate microfossils for 
analyses of age and uplift data.

4. Continued analyses of sedimentary rock samples collected in southern Washington in 
FY89 for age and uplift data.

Reports published

None this reporting period.
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SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA
14-08-0001-G1703

T.V. McEvilly, R. Clymer, T. Daley, B. Foxall, E. Karageorgi, A. Michelini 
Seismographic Station, University of California, Berkeley, CA 94720

and 
Earth Science Div, Lawrence Berkeley Lab, Berkeley, CA 94720

INTRODUCTION
Three programs of seismic wave analysis continue: Earthquake recording with the high-resolution 
seismic network (HRSN), begun in December, 1986; controlled-source monitoring with HRSN begun 
in June, 1987; and controlled-source experiments with the Varian well vertical array (VWVA), begun 
in November, 1987.
The HRSN (Figure 1) consists of ten, 3-component, borehole seismometers surrounding the 1966 
Parkfield epicenter. Data-acquisition features digital telemetry with 125-Hz bandwidth and 16-bit reso­ 
lution, and can operate in external-trigger (i.e., controlled-source) or event-trigger (earthquake) modes. 
Network characteristics are shown in Table 1.
The VWVA extends to 968m depth at a site 2 km from the San Andreas fault (Figure 1), close to the 
nucleation zone of the expected magnitude 6 Parkfield earthquake. Early vertical seismic profile (VSP) 
results indicating local anisotropy were shown in Daley and McEvilly, 1990. Data have been recorded 
on a Sercel 338 96-channel reflection system.

INVESTIGATIONS
1) Earthquakes. Local microearthquakes of magnitude about -0.5 to about +2 are routinely recorded 
on scale. A 3-D velocity model and a high-precision relative hypocenter location procedure for 
clustered events with similar waveforms have been developed, and are now being used for high- 
resolution analysis of local earthquakes. Clustered events are being studied for evidence of temporal 
changes in fault zone processes and properties, including anisotropy, in cooperation with R. Aster of 
U.C. San Diego. Relocated events are being used to study failure processes, fault zone structure, and 
material properties within the Parkfield nucleation zone.
2) Controlled-source monitoring with HRSN. From June, 1987 through August 1991, the HRSN has 
been illuminated 36 times with S-waves of three polarizations at eight source positions throughout the 
study zone, using a shear-wave Vibroseis source, in an on-going monitoring program. The resulting 
data contain a temporal record of wave propagation characteristics throughout the nucleation zone. 
Albeit complexly encoded, the wave fields recorded contain the evidence for any nucleation-induced 
changes in velocities, attenuation or anisotropy. Data reduction is accomplished at the University of 
California's Lawrence Berkeley Laboratory (LBL), at LBL's Center for Computational Seismology 
(CCS). A paper summarizing this study is presently in press.
3) Controlled-source monitoring with VWVA. Analysis of local anisotropy and velocity structure using 
short-offset VSP's and 3-D generally anisotropic models is an ongoing topic of research at CCS in col­ 
laboration with several European scientists, and VWVA VSP data sets are prominently featured in this 
effort.

DATA COLLECTED
  Full-time, event-triggered recording of earthquakes has continued in the past year. Event data are 

archived as IEEE-format binary files on magnetic tape with simple headers.
  Five vibrator data sets have been collected and the data reduced in FY91. Data after routine pro­ 

cessing (edit, stack, correlation, gather by source site) are archived in SEGY format on magnetic 
tape.
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RESULTS
1) Earthquake studies:.
  A final 3-D velocity model has been established, and a paper on the modeling process and results 

has been published.
  A graduate student working with Parkfield earthquake data and 3-D modeling has completed his stu­ 

dies.
  Local Parkfield events have been picked and relocated with the 3-D model through December, 1990.
  In a major effort, we have defined, gathered, and archived clusters of events with similar waveforms 

through 1989. About 500 events were relocated through the 3-D model for analysis. The result is 
70-80 clusters defined within our network (Fig 1), with 2-18 events/cluster. About two-thirds of the 
total events are clustered. Many clusters span the three years of data collection.

  We have completed the automated picking of relative P and S arrival times within clusters (using B. 
FoxalTs cross-correlation, cross-coherence procedure), and high-precision relative relocation of clus­ 
ter events. Many of the relocated clusters span only 100-200m (Fig 2).

  Procedures have been developed to efficiently add post-1989 data to the clusters.
  In the work with R. Aster, we are studying S-wave polarization variations within the clusters, and 

the implications for anisotropy.

The archived clusters will be the basis for further studies: of rupture processes on small patches of the 
fault using either theoretical or empirical Green's functions (Foxall).

2) Controtted-source studies - HRSN. The final working data sets for analysis are "time gathers": one 
source into one receiver gathered across calendar time, producing 720 files, each containing, at present, 
35 similar traces. The time gathers are then examined for variations in waveform parameters.
Most displays to date show only seasonal variations in varipus properties (travel time, amplitude, spec­ 
tral properties). Seasonal variations are due to very near-surface moisture changes under the vibrator 
(Clymer and McEvilly, 1981). The magnitude of the variation varies considerably from site to site. 
This is illustrated for two paths in Figure 4 for spectral amplitude. The path from vibrator position 
(VP) 2 to MMN shows an overall trace amplitude change - the shear-wave vibrator couples to the 
ground better in the dry summer - but little change in the shape of the spectrum, or (not shown) in the 
travel time. Path 4-MMN data, on the other hand, show a significant change in the shape of the ampli­ 
tude spectrum, with higher frequencies being increased relative to low frequencies in the dry months 
when the vibrator couples better, and in travel time (not shown).
A paper on the controlled-source work has gone through final revisions and is in press.
Figure 5 illustrates a travel-time anomaly that appears on paths that pass through the vicinity of VP 2, 
south-west of the 1966 epicenter. The figure shows grey-scale displays of relative travel-time change 
(correlation lag) across time gathers in a moving window. Several paths show relative advances in 
travel time of 30-60 msec for a band of late phases (the dark zones at late times), beginning in mid- 
1988. This effect is particularly well developed on most paths from source site 2, although it is seen 
from other source sites as well. Path 6-FRO, on a north-west azimuth, does not show the effect. 
Energy on this path may preferentially refract through the intact granites lying south-west of the SAP, 
and thus not sample the area of VP2. Data from the path from VP2 to SMN, to the north-west, simi­ 
larly do not show the effect. Figure 6 shows windowed travel-time changes of individual prominent 
late phases from various source sites into VGA. All the arrivals examined show a significant advance, 
with the exception of those from sites to the north-west.
Figure 6 summarizes the paths examined to date. The wide solid and narrow dashed lines indicate 
paths that respectively show and do not show the anomaly. There is an indication of a zone of 
anomalous velocity south-west of Middle Mountain.
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Figure 3. Location map, showing the vibrator monitoring sites and the HRSN.
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Figure 4. Amplitude spectra, showing seasonal variations in frequency content of 
the direct S arrival on two paths. !
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Figure 5. Travel-time change relative to data set 6 (April '88) by cross-correlation in a 
moving time window. Three of these show the late 30-60msec advance (dark zones) beginning 
in mid-1988, as discussed in the text.
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VGA LATE ARRIVALS - VARIOUS VPs

1990 1991 1992

Figure 6. Relative travel-time variations measured on paths into VGA from several source 
sites, calculated by a cross-correlation, cross-spectral technique in fixed time windows 
centered on prominent late phases . i.
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Bay Area Digital Seismic Network
14-08-0001-G2122 
OlSept91-30Sep92

Thomas V. McEvilly and Barbara Romanowicz
Seismographic Station

Dept. of Geology and Geophysics
University of California

Berkeley, CA 94720

Phone: (510) 486-7347
FAX: (510) 486-5686

e-mail: tvmcevilly@lbl.gov

Project Description

This UC/USGS cooperative project is the installation of a new digital seismographic 
network in the San Francisco East Bay region along the full length of the Hayward fault 
(Ellsworth on the southern half - UC the north). The purpose is to achieve a substantial 
improvement in the resolution with which we can monitor seismicity to very small 
magnitudes and fault-zone processes on the Hayward fault. Ultimately some 24 stations 
are planned with wide dynamic range and frequency bandwidth (>20 bits, 250 Hz), with 
on-scale recording to 0.5 g. Current funding will allow installation of perhaps 12-16 
initial stations.

FY91 Accomplishments (01-30 September)

Despite only one month's activity in FY91 under this award, a substantial startup effort 
was mounted: ,

Borehole sensor installations. Existing geophones from UC/LBL stock were 
provided to Malcolm Johnston in order to insure that his pilot exploratory holes for the 
borehole strainmeter project, which are immediately cemented upon completion, would 
be equipped with downhole sensors for the digital network. Other 'off-the-shelf 
borehole seismometers were supplied from USGS. (Drilling costs for installing network 
seismometers were deleted from the UC award, so holes of opportunity are being used 
wherever possible. A borehole sonde was developed for deployment of multi-component 
sensors downhole to 1000 ft depth. Experience at other sites (Parkfield, the Geysers, 
Long Valley) and the known Bay Area noise levels render surface sites there only 
marginally effective as high-resolution, high-frequency stations.) Boreholes of 
opportunity have also been found in Alameda (Kyle Rollins project), at the east approach 
to the Bay Bridge (courtesy of CALTRANS) and on the Berkeley/LBL grounds (three holes 
exist). Figure 1 summarizes the installation progress as of mid-November. So far, 
most hole depths are around 500 ft. We would prefer emplacement depths of 800-1000 
ft.

Sensor selection. Tests were initiated on appropriate sensors for the network. 
The high-frequency operation planned for the network calls for better noise 
characteristics above 15Hz than are available in conventional 2 or 4.5 Hz velocity 
geophones. We are testing low-noise accelerometers, and one such comparison is 
presented in Figure 2. Presently we are leaning to a 4-component (three 
accelerometers and a redundant vertical velocity sensor) instrument package.
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Data acquisition system. Specifications were developed for the network data 
acquisition systems and a request for bids was issued. The system will sample at up to 
1000 sps and telemeter continuously a data substream, using Pacific Bell's new digital 
network. On-site backup will exist and central site event triggering will be a possible 
mode of operation. At mid-November a vendor has not yet been selected.

Schedule. Sensors and data acquisition equipment will be ordered in December. 
Station sites will continue to be sought and instrumented throughout the year Telephone 
lines will be arranged for definite sites.. Central site software and hardware will 
purchased/developed early in 1992. In the late spring the prototype remote sites will 
be activated and the telemetry system tested under real operation.

38° -

Figure 1. East Bay network station sites with (A) borehole sensors installed, as of 
mid November, 1991. (B) sites are presently available or planned borehole sites to be 
used when available.
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Figure 2. Preliminary sensor comparison between conventional 4.5 Hz velocity 
geophone (lower trace) and wide-band (0.1- 600 Hz) accelerometer, integrated to 
velocity (both sampled at 1000 sps with 250 Hz anti-alias filter), for the recording of 
a m=1.2 event about 25 km from the sensors, which were installed in a common sonde at 
the bottom of a 550-ft borehole on the fault at the stadium on the DC Berkeley campus. 
60 Hz noise and the presence of tube waves degraded this comparison somewhat, and the 
experiment will be repeated more carefully. Initial results suggest that the 0.5g full- 
scale accelerometer will serve well as the detector for the small microearthquakes, 
particularly at frequencies above 10 Hz.
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Parkfield Earthquake Prediction Experiment: Earthquake Seismology

9930-02098

Andrew J. Michael
Branch of Seismology

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415)329-4777

Investigations:
The principal subject of investigation is an attempt to understand the structure and 

behavior of the seismogenic zone at Parkfield, California in order to better understand 
the physical processes that control the earthquake generation cycle in that area. In 
addition we have been attempting to apply these ideas to other areas to determine if 
we have uncovered processes that are generally applicable or if they are specific to the 
Parkfield area. To accomplish this we have maintained a detailed catalog of Parkfield 
hypocenters and focal mechanisms and determined a three-dimensional velocity model 
of the Parkfield region. This velocity modeling work is in collaboration with Donna 
Eberhart-Phillips.

In order to test the ideas we have developed at Parkfield we have also been deter­ 
mining a three-dimensional velocity model for the Loma Prieta, California area. To 
provide greater control of the model and hypocentral locations with respect to surface 
features a series of six calibration shots were recorded on the CALNET array and a 
distributed deployment of portable receivers in May of 1991.

In September of 1991 I participated in Jill McCarthy's marine seismic reflection 
experiment that aimed to determine fault structures under the San Francisco Bay and 
associated waterways. My involvement with the experiment was to coordinate the 
recording of the airgun blasts on the CALNET array. This data will be analyzed dur­ 
ing fiscal year 1992.

Other research includes further studies of the stress state surrounding in the Loma 
Prieta and Whittier Narrows regions in order to better understand the coseismic effect 
of the mainshocks.

Results
The most important result to come out of this project is the discovery of relations 

among fault behavior and the material properties of the rocks that contact the fault at 
seismogenic depths. Regions of high moment release appear to correlate with high 
seismic velocities whereas rupture initiation or termination may be associated with 
lower seismic velocities. These relations point toward a physical understanding of 
why faults are divided into segments that can fail independently, an understanding that 
could improve our ability to predict earthquakes and strong ground motion.

The use of three-dimensional velocity models to understand the processes that 
result in fault segmentation could be very important because other work at Parkfield,
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CA has shown that surface fault geometry is not simply related to the fault geometry 
at seismogenic depths. The offset in Cholame Valley is one of the largest on the San 
Andreas Fault and has often been cited as the feature that terminates the rupture of the 
Parkfield earthquakes. However, the use of the three-dimensional velocity model to 
relocate both background seismicity and the 1966 aftershocks has shown that this 
offset does not exist at seismogenic depths. Thus the offset in the fault may be limited 
to the upper 1 to 3 kilometers. The one unusual feature observed in the Cholame Val­ 
ley seismicity is the existence of some normal faulting mechanisms. However, they 
are not distributed throughout the valley as might be expected but instead lie in the 
same plane of hypocenters as strike-slip mechanisms that define a planar San Andreas 
fault. I

Preliminary results from the Loma Prieta calibration shots have been used to cal­ 
culate station corrections for the CALNET stations with respect to the three- 
dimensional velocity model. However the relationships between the shallow Loma 
Prieta aftershocks and the surface faults is still enigmatic.

The efforts to unravel the very heterogeneous stress state left by the Loma Prieta 
earthquake are still ongoing. Currently we are testing a variety of methods to compare 
the aftershock focal mechanisms to the stresses imposed by the mainshock in order to 
find a method that is sufficiently robust with respect to errors both in the mainshock 
rupture pattern and the aftershock hypocenters and focal mechanisms. Some of the 
stress inversion techniques being used at Loma Prieta were developed and tested on 
the Whittier Narrows aftershocks sequence. There we were able to show that the 
stress state during the aftershocks had a significant component of spatial heterogeneity 
but were unable to relate this to the mainshock rupture. However, tests using simu­ 
lated data suggested that the errors in the data were large enough to mask the effects 
of the mainshock's dislocation. At Loma Prieta the errors are comparable, but the 
mainshock is larger and the simulations suggest that we should be able to define its 
effects.

Reports:
Michael, A. J. , 1990, Energy constraints on kinematic models of oblique faulting: 

Loma Prieta versus Parkfield-Coalinga, abstract, EOS, 71, 1646.

Aviles, C.A. and Michael, A. J., 1990, Complications at the southern end of the 1966 
Parkfield rupture zone, abstract, EOS, 71, 1473.

Michael, A. J., 1991, Spatial variations in stress within the 1987 Whittier Narrows, 
California, aftershock sequence: new techniques and results, J. Geophys. Res., 
96, 6303-6320.

Michael, A. J., and Eberhart-Phillips, D. M., 1991, Relationships between Fault 
Behavior, Subsurface Geology, and Three-Dimensional Velocity Models, Sci­ 
ence, 253,651-654. I

Eberhart-Phillips, D. M., Michael, A. J., and W. D. Stanley, 1991, Overpressure in the 
Parkfield Preparation Zone?, abstract, Seismology Research Letters, 62, 46.
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Stability of the M8 and CN Earthquake Prediction Algorithms

14-08-0001-G1972

Jean-Bernard Minster
Institute of Geophysics and Planetary Physics A-025

Scripps Institution of Oceanography
University of California, San Diego

La Jolla,CA 92093-0225

Investigation

The purpose of this project is to conduct a systematic investigation of the stability and 
robustness of the long-term earthquake prediction algorithms "M8" and "CN", developed 
in the Soviet Union by Dr. Keilis Borok and his co-workers (e.g. Keilis-Borok et al., 
1980a,b, 1988; Keilis-Borok and Kossobokov, 1988).

Current claims for California include successful prediction of several events of 
magnitude 6.5 and greater, including the Superstition Hills events and the Loma Prieta 
earthquake. It appears that this success was predicated on recent updates to the earthquake 
catalog, a fact which raises several issues which must be addressed as part of an overall 
evaluation of the approach.

We intend to use an up-to-date definition of the algorithms, as well as an up-to-date 
catalogs used to test the method. We will 1) conduct an investigation of the dependence of 
the results on the adjustable parameters of die algorithm, (e.g. magnitude threshold used to 
scale all measures of seismicity, and spatial sampling), and 2) examine how sensitive the 
algorithms are to both random and systematic fluctuations in magnitude estimates, which 
may be the most critical source of instability in the results (other than the short time span of 
existing catalogs).

Work in progress (March-September 1991)

As reported previously, we have secured a recent version of a program that realizes 
algorithm "M8". This program was last updated in 1989-90, and was adapted for use 
without modification on UNIX workstations (SUN) by Dr. Matthews at Stanford. This 
version of the code we have is written in FORTRAN but, presumably because the program 
was actually written over an extended period of time, it does not conform to most modern 
coding practices consisting of a monolithic main program, approximately 2,000 lines long, 
which deals with the I/O operations, the interactive dialog with the user, the algorithm 
itself, and the ouput. This particular version of the program is extremely difficult to 
follow, since it contains practically no comments, and due in part to the name space 
limitations of FORTRAN, variable names are usually not meaningful. Dr. Kossobokov, 
currently working in the US, has offered to come to San Diego and help us understand the 
program, however, due to schedule conflicts, it has been difficult to arrange a visit

This version of the program was provided with an earthquake catalog for California, 
containing 7577 entries representing "main shocks" between 1963 and 1989, (aftershock 
sequences have already been removed, the number of aftershocks is recorded for each main 
shock and plays a prominent role in the algorithm). This catalog is the one that was used 
by Soviet seismologists to declare a TIP ("Time of Increased Probability") encompassing 
the Loma Prieta earthquake. We have been able to verify that running the program with the 
provided sample input file and catalog produces an output indicating a TIP for this period,
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but, almost no indication is provided as to which characteristics of the seismicity that 
actually caused the TIP. An option offered by the interactive dialog to produce output files 
contining the seven seismicity functions that define the patterns was found not to work 
properly. A careful examination of the code shed little light on this issue. In fact, we 
believe that there may be several apparent discrepancies between the definitions of "M8" as 
described in the literature, and as coded.

We have therefore initiated an effort to produce a i^ew implementation of the algorithm, 
with appropriate in-code documentation, so as to pera^it better tracking of implementation 
details and code modifications. The algorithm is characterized primarily by bookkeeping 
tasks,and we have therefore chosen to use "C" as the implementation language. The code 
will be executable through a "front end" in which the catalog and parameter perturbations 
suggested to test the robustness of the predictions will be collected. The code is being 
developed on a UNIX (SUN) workstation, but we intend to make it runnable on any 
platform that support a C compiler.

At the present time, we have coded and tested the portions of the algorithm that require 
extraction of subset of the catalog based on spatial and temporal criteria. This is 
implemented through a shell-sort algorithm applied to arrays of pointers to structures 
containing the catalog entries. With the appropriate sorting order, access to catalog entries 
can be performed through binary searches, which are very efficient even with large 
catalogs. At this stage, we have also implemented code to compute the first four of the 
seven functions on which "M8" is based. (The programmer assigned to the project was 
unavailable for the three summer months, being involved in field work). One of our design 
criteria is that testing other proposed functions of seismicity should require only minimal 
additional coding. In particular, we intend to permit independent testing of the "CN" 
algorithm using essentially the same code.

Testing of the stability of the algorithm with respect to perturbation to the catalog will 
not be incorporated as an addition to the code. Instead, modified catalogs will be produced 
using separate utility programs, and the basic "M8" algorithm will be applied to them. 
When finished and tested, the codes will be made available to other groups working on the 
same general topics.
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INVESTIGATIONS UNDERTAKEN

This project has two separate phases:

1. The recording of a 400-km-long seismic refraction/strong ground 
motion/seismic attenuation profile from Memphis to St. Louis 
(Figure 1).

2. The recording of two 50-km-long high-resolution seismic 
refraction profiles in a cross pattern near Blytheville, Arkansas, 
to examine fault zone properties (Figure 1).

Phase I: Long range Profile

It has long been suggested that large earthquakes of any given 
magnitude in the eastern and mid-western United States would be 
potentially much more destructive than the same magnitude 
earthquake in the western United States (particularly California), 
owing to the large differences in attenuation (or Q) of seismic 
wave propagation in the two areas. If such is the case, a 
destructive earthquake in the New Madrid Seismic Zone could be a 
major hazard for cites hundreds of kilometers from the source. It 
is possible to evaluate the hazard in a quantitative way by 
examining the seismic-wave propagation characteristics 
(particularly Q) in the New Madrid area and comparing it with the 
Q values in California, where data from large magnitude earthquakes 
are available. Furthermore, the 1989 Loma Prieta and other recent 
earthquakes have shown that strong ground motions do not decrease 
linearly with distance due to reflections within the crust and at 
the Mono; it is possible to outline areas in the central US which 
are likely to suffer great destruction due to strong ground motion 
from critical-angle Moho reflections, like the Marina district and 
Oakland area during the 1989 Loma Prieta earthquake. These 
evaluations can be done in the same study.

Seismic refraction and reflection data provide an excellent 
method by which to measure Q (using the spectral ratio method) 
since many of the ambiguities associated with other methods of 
evaluating Q are removed from refraction and reflection data. For 
example, ambiguities associated with the source, differing types of 
receivers, and structural variations in the Earth are not
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problematic with a refraction data set; thus, attenuation can be 
better understood. Since large, high-quality data sets exist for 
some of the western US, comparison of western US Q values with 
those from a new data set in the New Madrid area will provide new 
insight into potential destruction in the central US on a regional 
basis.

The study will provide a detailed characterization of: (1) 
attenuation as a function of depth for large areas around the New 
Madrid Seismic Zone, particularly in the directions of large 
metropolitan areas such as St. Louis and Memphis, and (2) strong 
ground motion due to the Moho critical-angle reflections as 
observed for the 1989 Loma Prieta earthquake. Q will be delineated 
both with depth and laterally. The Q structure for the region will 
be compared to that of wide areas of the western United States, 
particularly California.

Phase 2: High-resolution Seismic Refraction Profile

The purpose of this project is to understand the physical 
properties of the New Madrid seismic source zone based on seismic 
refraction and related geophysical datia. The focus of the study 
will be on the structure of the upper crust within the Blytheville 
arch. This study will be coordinated with other geophysical 
studies. Specifically, these high-resolution seismic refraction 
profiles will be coincident with seismic reflection, high- 
resolution magnetics, magnetotellurics, and gravity data.

Geophysical studies of the New Madrid Seismic Zone (NMSZ) have 
made impressive progress toward understanding the origin and risks
associated with this intro-continental seismic zone ever since the
Reelfoot Rift was identified using potential field data. Major 
advances followed the acquisition within the Mississippi Embayment 
of 100s of kms of seismic reflection data by industry. This 
reflection data documents the correlation of the seismicity with a 
highly faulted and deformed zone known as the Blytheville Arch.

The correlation of the New Madrid axial seismic zone with the 
Blytheville and Pascola arches brings us close to a fundamental 
understanding of the physical causes of seismicity within the NMSZ: 
it appears that the geologic structure^ within the arches are weak 
due to effects that may include: repeated deformation, igneous 
intrusion, diapirism, and/or thermal and hydrothermal alteration. 
A recent study that compares the Blytheville arch with existing 
(1980-vintage), sparse seismic refraction data indicates that the 
waves that pass through the arch are strongly attenuated, but this 
study was unable to identify the physical mechanism for this 
attenuation, or reliably determine seismic velocities within the 
arch.

The goal of this project is
resolution, the compressional and shear-wave velocity and seismic 
attenuation properties of the BlythevLlle arch. In combination 
with other data, we will develop a physical model for the arch and
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of the seismicity of the NMSZ. When completed, this integrated 
geophysical study of the New Madrid seismic zone will contribute 
important criterion for deliminating high-risk seismic source zones 
throughout the eastern US.

RESULTS OBTAINED

The seismic profiles described above were successfully 
collected in October, 1991, by a 45-person field group lead by the 
USGS and involving participants from the Univ. of Wyoming, Univ. of 
Tennessee, Purdue Univ., Univ. of Texas-El Paso, Lamont-Doherty 
Geological Observatory, Memphis State University, Univ. of Kansas, 
and St. Louis Univ. The process of data playback and interpre­ 
tation is underway and results will become available in 1992. The 
references listed below are for prior projects, and are represent­ 
ative of the kinds of publications to be expected from this 
project.
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INVESTIGATIONS

This report covers most of the Seismology Branch activities in the Pasadena Office of
the U.S. Geological Survey for FY1991. This large project is involved in a wide range of 
tasks from field maintenance of instruments and seismic data processing through efforts in 
developing real-time earthquake information systems and basic research.

Operation and Maintenance of the Southern California Seismic Network
A major responsibility of the Pasadena office is to maintain and operate the seismic 
network, which provides the primary data for hazard monitoring in southern California 
and much of the research of the project. This large short-period array consists over 300 
channels of telemetered data from 220 sites recorded with the CUSP digital acquisition 
system. Responsibilities for hardware maintenance (instrument sites, radio telemetry, 
microwave and telephone links, computer cluster) are shared jointly with Caltech.
In addition to maintaining the short-period array, we continue to try and improve our 
seismic recording capabilities by installing broadband instruments with large dynamic 
range. These high-quality data are crucial for both the development of better real-time 
information systems and the on-going research of seismic waveforms.
Routine analysis of the data is also carried ou; cooperatively with Caltech and in­ 
cludes, interactive timing of phases, location of hypocenters, calculation of magnitudes 
and preparation of the final catalog. About 70C events were located in most months 
with a regional magnitude completeness level of! 1.8.

Response to Earthquakes and Development of Real-time Information Systems
An important part of monitoring earthquakes ii} a populated region such as southern 
California, is the ability to produce quick information on felt and damaging earth­ 
quakes for government officials and the media. To facilitate this response, we have 
worked on the reliabilty and speed of applications within CUSP to improve and quicken 
the automated event locations and magnitudes. In addition to hypocenters and mag­ 
nitudes of the earthquakes, we are developing further real-time utilizations such as, 
alarms for unusual activity in special study areas!, designation of likely areas of damage 
from future large earthquakes, and rapid assessment of aftershock probabilities.

Research
We are involved in a diversity of research projects, using seismic data from the network 
to study topics specific to southern California, as well as investigating more general 
engineering and seismological problems.
Network data have been used in regional stuc ies that have focused on the earth­ 
quakes of the Ventura Basin and the recent Siorra Madre event (M5.8) of June 28, 
1991. Re-determinations of magnitudes for all larger events since 1932, are being used
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to examine trends in the seismic activity in southern California. New estimates of 
radiated seismic energy indicate that the the traditional Gutenberg-Richter relation 
needs to be revised.
Seismic waveforms at a variety of frequencies have been used to study the complexities 
of wave propagation at a variety of length scales in the Earth. High-frequency (1-20 
hz) data from closely spaced (50-100m) stations were used to estimate the coherence 
in the waveforms. Comparisons of short-period and broadband data were used to 
evaluate site and path effects across the Los Angeles Basin for frequencies in the 1-3 
hz range. Network recordings of teleseismic P-waves (0.3-3.0 hz) were used to evaluate 
site characteristics. Surface waves (0.03-0.05 hz) recorded on several hundred stations 
in California showed the complexities in regional Rayleigh wave propagation.
Strong-motion studies include source inversions for the Loma Prieta earthquake and 
the response of base-isolated structures to large earthquakes.

RESULTS

1. Routine Processing of Southern California Network Data
The analysis of data from the seismic network located and cataloged 8442 earthquakes 
during FY1991. The most significant event was the M5.8 Sierra Madre earthquake of 
28 June 1991. There were 6 other events greater or equal to M4.0

Major improvements in data collection during FY1991 included:
- Installation of the Seven Oaks Dam broadband station. This is a TERRAscope 

station with 24-bit digitizers of very broadband and strong-motion channels for a 
total dynamic range exceeding 200 db. Data logging is triggered by messages from 
NEIC for teleseisms and messages from CUSP for the local events.

- Incorporation of the Army Corps of Engineers microwave system into our telemetry 
links

- Addition of a VAX 4000 and 5 VAX workstations to the computer cluster
- Installation of hardware and software development for continuous recording of the 

short-period network on 4mm tape drives. This system has provided exciting new 
data from teleseismic and regional events and also serves as a replacement for the 
aging FM tape system.

- Software development for combining broadband TERRAscope data into the network 
data.

To increase the research potential of these data, a series of Network Bulletins have been 
issued since 1985. These bulletins provide a summary of seismic activity in southern 
California, as well as information about how to access data from the network, problems 
with the data, details of the computer processing systems, and documentation of past 
and present station configurations.
Accessibility to the data by outside users has been facilitated by placing all the phase 
data onto an online disk. Also, in cooperation with the Southern California Earth­ 
quake Center, all of the waveform data will soon be made available from an online 
mass storage device.

2. Response to the Sierra Madre Earthquake
The M5.8 event of 28 June 1991 tested our capabilities in earthquake response and 
real-time hazard monitoring. Preliminary location and magnitude information was 
telephoned to government agencies, starting within 20 minutes of the earthquake. 
A focal mechanism was determined within an hour and showed a northeast-striking
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thrust. At a press conference, two and a half hours after the earthquake, prelim­ 
inary information was presented about location, magnitude, regional tectonics and 
estimated probabilites for future large earthquakes. Three new telemetered stations 
with velocity and FBA sensors and three analog strong-motion instruments had been 
installed near the epicenter within a few days.

\S 9 9 »V I3. Development of Real-Time Analysis Systems
A computer program (PICKLE) is being developed that runs in parallel with the ex­ 
isting online data acquisition system on a VAX computer. This new software locates 
about 3 times as many earthquakes as our previous 64-station RTF. In addition, ampli­ 
tudes from low-gain and force-balance accelerom^ters are now used in the calculation 
of magnitude.

4. Short-term Earthquake Probabilities
Several methods have been developed in the last few years to assess the probabilities 
of earthquake occurence and damaging earthquake shaking, and changes in that prob­ 
ability in the long and short term. In this project, we have combined several of these 
techniques and developed a computer program to map the short-term probability that 
an earthquake will generate shaking exceeding 10%g during the next 24 hours for any 
site in southern California.
The steady-state probability of damaging earthquake shaking at all sites in southern 
California has been calculated by Wesnousky (1986) by determining the probabilities 
of earthquakes on all known faults in southern California and the expected shaking 
(Joyner and Boore, 1982) from those earthquakes. Expressed as daily probabilities 
of shaking at 10%g, this steady-state probability is the base for the STEP (Short- 
Term Earthquake Probability) map. The long-tqrm probabilities are modified in the 
short-term because of three different factors. First, the possibility of damaging after­ 
shocks to recent mainshocks is determined using the model of Reasenberg and Jones 
(1989). Second, the probabilities are further modified because of the possibility that 
earthquakes recorded in the last few days will be foreshocks to larger events using the 
generic probailities for southern California determined by Jones (1985). The proba­ 
bility that earthquakes in the last week will be foreshocks to earthquakes large enough 
to produce shaking of 10%g at some distance from the event is calculated for all sites 
within 70 km of each event. Third, for earthquakes within 10 km of the Imperial, 
San Jacinto or San Andreas faults, the probability that they are foreshocks to the 
characteristic earthquake for that fault is calculated using the formulation of Agnew 
and Jones (1991).
The daily probabilities are mapped for southern California on a color terminal on 
display at Caltech. Different colors show probabilities of different orders of magnitude 
from 10~ 6 to 1.

5. Crustal Structure of the Ventura Basin
Analysis has shown that many microearthquakes have been recorded under the Ven­ 
tura basin in the last two decades at depths between 20 and 30 km. The deepest 
earthquakes (> 25 km) are confined to a small area (less than 100 km2 ) under the 
deepest part of the Ventura basin. To investigate the cause of these deep earthquakes 
and the crustal structure of the Ventura basin, travel time data has been inverted for 
earthquake locations and crustal structure.
The results show that seismicity and the derived Moho depths correlate with the 
known geologic structures. Earthquakes occur at anomalously large depths (20-30 
km) only under the greater Ventura basin and nowhere else in the western Transverse
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Ranges. The deepest earthquakes (depth > 25 km) are confined to a very small 
region directly beneath the thickest sediments of the Ventura basin. The deepest 
sediments and deepest earthquakes are also underlain by a deeper Mono. Centered 
on the Ventura basin is a depression in the Moho to a depth of 41 km beneath the 
deepest part of the basin. The spatial extent of this depression in the Moho is very 
limited with depths to Moho of 32 km only 25 km to the north. These anomalies 
underlie a previously reported region of very low heat flow. We conclude that all four 
anomalies result from the especially rapid convergence of the Ventura basin. The lack 
of similar anomalies outside the immediate confines of the Ventura basin suggests that 
the rapid convergence of the Ventura basin cannot be considered representative of the 
whole western Transverse Ranges.

6. Magnitudes and Rates of Southern California Earthquakes
Several researchers have suggested that the rate of seismic activity in southern Cali­ 
fornia decreased at the time of the region's largest earthquake (M7.7 in Kern County) 
in 1952 and increased in 1978. Such a correlation between moderate seismicity and 
large earthquakes, if true, could be an important piece of evidence in the study of the 
generation of large earthquakes.
By re-reading amplitudes and re-computing magnitudes for all earthquakes in southern 
California above M4.8, we have formed a complete catalog for earthquakes of M5.0 and 
greater from 1932 to the present. We examined this catalog for statistically significant 
changes in rate of seismicity. We found a bias towards overestimating the magnitude 
in the early part of the catalog (1932-1943) that contributed most of the apparent 
increased rate previously reported for the period before the Kern County earthquake. 
We did find increased activity for the period of 1940-1948 but because of the small 
number of earthquakes above M5.0, the results are not significant. No significant 
changes in the rate of larger earthquakes in southern California have occurred in 
the last 60 years. This data also allowed us to see the sources of variations in the 
magnitudes and outline a program for improving the magnitude estimates of smaller 
earthquakes.

7. Radiated Energy Estimates
Kanamori (pers. comm.) has suggested a method of estimating radiated energy by 
using the integrated value of a velocity- squared seismogram. Using this quantity 
with appropriate expressions for the distance attenuation and the assumed source 
radiation pattern, one can determine a value for the radiated energy. This method 
was tested using 66 events of magnitude 3.5 to 5.5 that were well-recorded by the 
low-gain and FBA components of the network over the last several years. Each event 
was recorded by 5 to 27 components. The results of the energy estimated from each 
record are compared to estimate of the local magnitude (ML) as determined from 
the same record. There is a good correlation between the radiated energy and the 
local magnitude. A regression of these data gives a relationship, logE = 8.7 + 2.2ML. 
A similar relationship has also been derived from data recorded on the broadband 
TERRAscope instruments. This result is quite different from the Gutenberg-Richter 
relationship, logE = 11.4 + 1.5ML .

8. Correlation of Waveforms from Closely Spaced Sites
We studied waveform data from aftershocks of the 1990 Upland earthquake, recorded 
on a small aperture array. Five sites were spaced at 50 to 100 meters, each with 
3-component velocity and acceleration sensors. Acceleration amplitudes can vary by 
more than a factor of 5, indicating strong site effects for the high-frequency waves (5- 
20 hz). If data are integrated to displacement, the waveforms show more coherence.
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Quantitative estimates of the waveform coherence were determined with respect to 
both station and event spacing. The results showed that the waveforms vary more 
with respect to station spacing than with respect to event spacing, suggesting more 
complexity in structure in the shallow region of the stations, as compared to the deeper 
region around the earthquakes.
Other interesting features in these waveforms include clear examples of near-field terms 
(displacement ramps between P and S) and examples of shear-wave splitting (0.1 sec 
difference in arrival time of S waves on different components).

9. Spectral Characteristics of Microearthquakes
Spectral characteristics of microearthquake waveforms in southern California are being 
studied to understand path and site effects. Efforts have been focused on studying 
events recorded at the broadband TERRAscope station PAS in Pasadena. This station 
was chosen to assess the ability of the short-period network (which consists of mainly 
vertical-component instruments) in describing the S-wave spectra.
Both the P- and S-wave spectra have been calculated for 100 earthquakes with M<3.0 
recorded at PAS since 1988. These earthquakes are divided into 6 source regions. 
Spectra show both consistent spectral holes as wtell as amplifications at certain fre­ 
quencies. Some events with portions of their paths in the Los Angeles Basin show 
spectral amplification between 1-3 Hz. Comparisons of the mean P- and S-wave spec­ 
tra within a source region show that, in general, the shape of the P-wave spectrum 
is similar to the shape of the S-wave spectrum. Hence, even though P-waves are 
more sensitive to small variations in path and their spectra tend to show a larger 
scatter than the S-wave spectra, they can still be useful in estimating S-wave spectral 
characteristics, which are important for seismic engineering applications.

10. Network Recordings of Teleseismic Body Waves
Using data from the newly installed continuous recording system, we plotted record 
sections from teleseismic events consisting of 10 to 15 minutes of data from over 200 
stations. A variety of P and S phases can be seen that normally do not trigger the 
regular network data stream. We have looked at several well-recorded teleseisms and 
have seen clear arrivals of various P phases such as P, pP, sP, PcP, PP, ScP, sScP, 
PKPPKP. If the data are filtered and stacked S phases such as S, ScS, SKS have also 
been seen on some events. This improvement in data acquisition allows us to use the 
network data to study detailed mantle and core structures of the Earth. Cooperation 
with researchers in Menlo Park have already enabled us to make record sections of 
teleseisms that include over 400 stations and span over 10 degrees.
We carried out a systematic study of the amplitudes and travel time residuals for 
teleseismic P-waves recorded on over 100 stations of the network. Using data from 13 
events well distributed in azimuth we found a postive correlation between amplitude 
and travel time, i.e. slower arrivals had larger amplitudes. A one second increase 
in travel time corresponded to about a factor of two increase in amplitude. This 
observation can be attributed to both near-site and upper mantle structures.

11. Network Recordings of Teleseismic Surface Waves
Rayleigh waves recorded on the southern and central California regional networks 
from the 16 October 1989 New Britain earthquake (M7.2) revealed an unexpected
complexity in the waveform propagation across California that is probably due to
multipathing. In southern California, 20-30 sec waves (which sample the crust down 
to about the Mono) are relatively well behaved, with the exception of the Los Angeles 
basin, Owens Valley, and southern Sierra Nevada regions. The propagation in central
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California is complicated by what appears to be multipathing with a strong interfer­ 
ence pattern at periods near 25 sec. The Coast Ranges and Mammoth areas produce 
particularly complex waveforms. We determined phase velocities of 3.5-3.7 km/sec in 
the Mojave area and Peninsular Ranges, 3.6-3.8 km/sec in the Transverse Ranges, 3.7 
km/sec in the south Coast Ranges west of the San Andreas fault, and 3.6 km/sec in 
the south Coast Ranges east of the fault. Phase velocity estimates from other areas 
are difficult because of the multipathing.

12. Loma Prieta Source Inversion
We have collaborated on an investigation of the rupture history of the 1989 Loma 
Prieta earthquake by inverting strong motion and teleseismic wave forms. Teh results 
indicate bilateral rupture with oblique slip on a 70° dipping plane (probably the Sar­ 
gent fault). There is compelling evidence that the main rupture was preceded by a 
foreshock (M 3.5 to 4.5) about 2 seconds before the main initiation of rupture. Large 
regions of slip were centered 6 km northwest and 6 km northeast of the hypocen- 
ter. There appears to be relatively little slip in the region directly updip from the 
hypocenter. The duration of slip at any point on the fault is a parameter of funda­ 
mental importance and this modeling study yields a duration of only 1 second (or 
less).

13. Hypothetical Response of Base-Isolated Structures
We have studied the hypothetical response of base-isolated buildings to synthetic near- 
field ground motions from large M > 7.5 strike-slip earthquakes. Synthetic ground 
motions for sites within 10 km of large strike-slip earthquake ruptures are convolved 
with the theoretical response for base isolated structures, to determine whether the 
range of the isolators will be exceeded. Assuming a slip of 5.0 meters with duration 
for any point on the fault of 4 sec, a site located 2 km from the fault will experience 
differential displacements in the base isolators of 30, 65, and 80 cm assuming free 
periods of the isolation system of 1.0, 1.5, and 2.0 sec, respectively. The preliminary 
conclusion of the study is that, given our current understanding of long-period near- 
field ground motions, we cannot preclude the possibility of failure of base-isolated 
systems within 10 km of very large earthquakes.
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Investigations

1. There are currently 135 Data Collection Platforms (DCP's) that transmit a variety of data to 
the Direct Readout Ground Station (DRGS) in Menlo Park. Fifty-five of these DCPs 
transmit data at 10-minute intervals on an exclusively assigned random channel, which is 
being utilized under a special agreement with NESDIS. The remainder of the DCPs report at 
standard 3 or 4-hour intervals as assigned by NESDIS. This system transmits data from all 
types of low-frequency instruments including dilatometers, creepmeters, strainmeters, water- 
level meters, magnetometers, tiltmeters, and related measurements. One of the first DCP's 
installed has been in continuous operation, with no repairs and little maintenance, for more 
than 2400 days

A new Direct Readout Terminal (DROT) that receives the GOES DCS data stream through a 
domestic communications satellite (DOMSAT) is being installed. Data quality should 
improve greatly when the DROT is fully operational as it will be less directly affected by the 
condition of the spacecraft than the DRGS. The DRGS will serve as a backup system.

2. Networks of tiltmeters, creepmeters and shallow strainmeters have been maintained in 
various regions of interest in California. A network of tiltmeters located at seven sites 
monitor crustal deformation within the Long Valley caldera. Roger Bilham of the University 
of Colorado and Jon Beaven of Lamont-Doherty installed a very long baseline tiltmeter in 
Long Valley. This project provided three DCP's to collect the data and return it to Menlo 
Park via GOES satellite. We also monitor the data received to keep track of deformation 
within the caldera, comparing results frequently with the USGS tiltmeter array.

Other tiltmeters are located in the San Juan Bautista and Parkfield regions. Creepmeters 
located along the Hay ward, Calaveras and San Andreas faults between Berkeley and the 
Parkfield area are maintained in cooperation with the Fault Zone Tectonics project. A 
shallow strainmeter is located near Parkfield, while observatory type tiltmeters and 
strainmeters are sited at the Presidio Vault in San Francisco, and a tiltmeter is installed in the 
Byerly Seismographic Vault at Berkeley. Data from these instruments are telemetered to 
Menlo Park via the GOES satellite.

3. A system to backup the satellite telemetry system with non-volatile, solid-state memory and 
dialup or dedicated telephonic communications path has been developed. Included in this 
system is the capability to lock the DCP timing to a radio time standard. This feature enables 
more efficient utilization of the assigned satellite bandwidth. The system is known as the 
Companion because of its interfacing role with satellite DCP's. The system is currently 
deployed at the Long-baseline tiltmeter at Long Valley caldera.
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Volunteer Phil Bender has designed an alternative system that performs the same functions 
and utilizes the Z180 processor in an off-the-shelf module.

4. A low-cost, short-haul digital telemetry system utilizing UHF radios, packet controllers and 
off-the-shelf digital data converters has been developed, tested, and is currently in use in 
Parkfield monitoring the tilt of monuments that support the reflectors that constitute the 2- 
color laser network. This system, components for which cost less than $1500 per site, 
automatically polls the remote sites and transfers theidata to a computer file, calculating the 
mean and standard error in the process. The system^ including the tiltmeters, can easily be 
removed and transported to other locations.

5. Conducted advisory activities for the Regional Interagency Steering Committee (RISC), 
which is convened bimonthly by FEMA to accomplish and coordinate regional planning for 
earthquake preparedness and response.

6. Began drafting an operational plan for USGS, Office of Earthquakes, Volcanoes and 
Engineering (OEVE), participation in the Federal response to a catastrophic earthquake in the 
San Francisco Bay Area under a PL 93-288 disaster declaration.

Results

1. Conducted regional monitoring of deformation in Central California, Parkfield, and the Long 
Valley caldera areas. Maintained and operated instruments and associated telemetry systems 
in those regions.
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Investigations

Geology of Southwestern California
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The goal of this project is to produce geologic maps of a series of 12 1:100,000-scale 
quadrangles in southwestern California. It is a subset of a larger undertaking of the Southern 
California Areal Mapping Project (SCAMP), a cooperative effort with the State of California 
Division of Mines and Geology, with a goal of producing geophysical and geologic maps for the 
onshore 20 1:100,000-scale quadrangles of southwestern California. Procedure for 
producing the maps is initial compilation of existing map data, prioritizing geologic-map 
deficient areas, and final map release in digital GIS form (ARC/INFO). In addition to the 
1:100,000 scale quadrangles, larger-scale maps will be produced in areas of relevant 
complexity which require the larger scale to properly resolve the geology; most of the larger- 
scale geologic maps will be at a scale of 1:24,000.
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Results:

The first compiled 1:100,000-scale geologic map, the Santa Ana Quadrangle, was open-filed. 
A number of 1:24,000-scale quadrangles were released in open-file
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Background

Evidence of strong earthquake shaking in the lower Wabash 
Valley that was uncovered in 1990 suggested the occurrence there 
of at least one large (>6.2mb) earthquake sometime within the 
Holocene (Obermeier and others, 1991a). <3eomorphological and 
pedological evidence argued that the features substantially 
predated the 1881-12 New Madrid earthquakes, and at one site a 
combination of radiometric and archaeologlc dating bracketed at 
least one major earthquake event between 7500 and 1,500 yr DP. 
The paleolique fact ion sites lie within the Wabash Valley Seismic 
Zone, which has experienced numerous low magnitude earthquakes 
during the 200 years of historic record.

During July-August, 1991, a survey Was conducted, by boat, 
of all eroding banks along the Wabash Rivter, the main stem of 
the White River, and the lower portion of the East Fork of the 
White River, that is, covering 2x 300 km ^f riverbank. Fortu- 
ituously low water levels presented the maximum posssible depths 
of exposures, commonly bringing liquefaction source materials 
into view. Preliminary findings have bee^i published in Munson 
and others (1991) and Obermeier and others (1991b).

Results and interpretations to date

A total of 187 liquefaction features are now known from 24 
sites. Features range from small dikes «5 cm) to large spreads 
(2.5 m). Actual blows, which were erupted onto paleosurfaces 
with and without distinct soil horizonation, are preserved 
buried beneath sequences of overbank silts and paleosols. De­
creasing sizes from a single "core area" 
the absence of any apparent crosscutting

of very large dikes, 
relationships, degree

of weathering of dike inclusions, and corsistent association of
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dikes with only the earliest Holocene overbank deposits suggest 
that all sites resulted from a single, large earthquake centered 
somewhere in the vicinity of Vincennes, Indiana. Maximum age of 
the event can be determined from 14C dating of logs and leaf 
mats that frequently occur in sand and gravel point bar deposits 
that are the source material for the dike inclusions. Dikes 
penetrated and often vented upon surfaces of now buried paleo- 
sols. Archaeological sites with temporally diagnostic artifacts 
frequently occur in or upon overlying deposits, which provide 
minimum dates for the liquefaction features. In several in­ 
stances archaeological hearth features containing carbonized 
wood occur on paleosurfaces upon which dikes vented and are thus 
penecontemporary with the dikes.

Many datable samples from source materials, from hearths 
at penetrated horizons and directly beneath blows presently 
await dating. Archaeological evidence and dates now available 
date this event at between 1,500 and 4,000 years ago.
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INVESTIGATIONS

The project consists of two components: Nelson's study of coseismic changes in late 
Holocene sea level as revealed by tidal-marsh stratigraphy, and Personius' study of fluvial 
terrace remnants along major Coast Range rivers to determine styles and rates of late Quaternary 
deformation. Both components will help define the potential hazard from great subduction 
earthquakes in the U.S. Pacific Northwest.

RESULTS

Radiocarbon dating sudden submergence events

Has subduction of the Juan de Fuca plate beneath the North America plate in the Pacific 
Northwest produced great (M>8) earthquakes during the late Holocene? Records of the past 200 
years yield no evidence of great plate-interface earthquakes in the Cascadia subduction zone. 
But along the coasts of Oregon and Washington peaty, tidal-wetland soils are interbedded with 
mud in estuarine stratigraphic sequences, and the submergence (relative rise of sea level) of 
some of these soils seems too widespread (>100 km), too large (>1 m), and too sudden (<10 
years) to be attributed to any process except coseismic subsidence. How large were the 
Cascadia plate-interface earthquakes that produced coastal subsidence and how often did they 
occur? Such questions are critical for earthquake hazard assessment in the Pacific Northwest; 
radiocarbon dating of buried tidal-wetland soils can help answer these questions.

Buried tidal-wetland soils of the Pacific Northwest may have been submerged by sudden 
coastal subsidence during any of three types of earthquakes. First, great earthquakes on one or 
more segments of the interface between the subducting and overriding plates may have produced 
a regional zone of coastal subsidence hundreds of kilometers long. Tidal-wetland soils similar to 
those in southern Washington and northern Oregon were^ submerged and buried along hundreds 
of kilometers of coast following historic great subductioi^ earthquakes in Alaska and Chile. 
Second, deformation on shallow faults and folds in the overriding North America plate during 
great earthquakes on the plate-interface may have produced local areas of coseismic coastal 
subsidence. And third, some localized subsidence may have occurred during smaller 
earthquakes (M 6-73/4) in the overriding plate that were independent of plate-interface events.
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Some tidal-wetland soils, however, may have been submerged and buried by non-tectonic 
processes. Peaty soils are commonly interbedded with mud in intertidal sequences of mid- 
latitude passive continental margins. Examples of non-tectonic processes that can produce such 
sequences include rapid changes in the rate of regional sea-level rise combined with changing 
sedimentation rates, or changes in the configuration of bars and channels in tidal inlets that led to 
local changes in tidal range. Tidal-wetland soils can be assumed to have been submerged by 
coseismic subsidence only where the abrupt upper contact of a widely-mapped, peaty soil gives 
strong evidence of a sudden, substantial change (>0.5 m) in water depth.

Precise radiocarbon dating can help distinguish soils buried following regional plate- 
interface earthquakes from soils buried during local upper-plate earthquakes or by non-tectonic 
processes. Synchronous ages for soils submerged along hundreds of kilometers of coast would 
be consistent with great plate-interface earthquakes, some perhaps as large as M 9. Non- 
synchronous ages would indicate lower magnitude plate-interface earthquakes with coseismic 
subsidence of much more limited extent, moderate-magnitude earthquakes on shallow structures 
in the upper plate, or soil submergence and burial by non-tectonic processes.

Each of the above processes may have submerged and buried tidal-marsh soils in the Coos 
Bay region of southern Oregon. This area includes the distal part of the active accretionary 
wedge of the North America plate. Analogies with deformation during great earthquakes in 
Chile, Japan, and Alaska indicate that regional uplift of as much as several meters and/or 
differential movements across folds and faults may occur in the accretionary wedge during great 
plate-interface earthquakes. In southern Oregon, late Holocene coseismic deformation has been 
inferred on shallow, upper-plate faults and folds in the South Slough arm of western Coos Bay. 
Surface deformation associated with these structures might be reflected as submergence or 
emergence events of 0.5-2 m in the tidal-marsh stratigraphic record. Many localized deformation 
events are probably coincident with plate-interface earthquakes, but shallow earthquakes of 
moderate to large magnitude (M 6-73/4) on smaller structures (<30 km long) in the overriding 
plate might also produce localized areas of coseismic subsidence or uplift.

The frequency of submergence events and the precision with which suddenly submerged 
soils can be radiocarbon dated determine if closely spaced submergence events can be 
distinguished from site to site. But in the Coos Bay region the precision of conventional 14C 
ages on peaty tidal-marsh soils is too low and the recurrence intervals between events are too 
short to distinguish local from regional submergence events (Nelson, in press).

The precision of age estimates for events in southern Oregon can be improved by averaging 
multiple accelerator-mass-spectrometer (AMS) 14C analyses of rigorously selected and pretreated 
plant macrofossils at the abrupt upper contacts of tidal-marsh soils. An initial test of this method 
in South Slough shows that standard deviations on AMS ages can be reduced to ±25-40 years 
(Fig. 1). However, consideration of the total analytical errors in AMS analysis and age 
differences due to changes in the rate of 14C production in the atmosphere over time indicate that 
95% confidence limits on calendar-corrected ages for submergence events range from 50 to 400 
years (Fig. 2). Events that occurred only 100 years apart may be distinguishable if their ages fall 
on favorable parts of the 14C calibration curve. In other cases, we may not be able to identify 
events that occurred as much as 400 years apart at different sites.

In FY91, Nelson, Brian Atwater (USGS), Wendy Grant (USGS), Lee-Ann Bradley 
(USGS) and Mark Darienzo (Portland State Univeristy) collected multiple AMS samples from 
buried soils in marshes in southwestern Washington and northern Oregon (Fig. 3). Samples 
from one or two of the best developed soils were collected at the best sites at each locality. A 
staged program of multiple AMS analysis of macrofossils from these soils over the next two 
years should show whether or not correlated soils were submerged during the same 50-400 yr 
period at each site.
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FIG. 1.  General lithologies and age estimates (in thousands of 14C years) for the tops of peaty units in two cores 
along Winchester Creek (WC-12) and Talbot Creek (TC-01) in separate arms of South Slough, Coos Bay, 
Oregon. Approximate age estimates shown to left of core WC-12 are based on 20 conventional ages and seven 
AMS ages from that core (Nelson, in press). Approximate age estimates shown to right of core TC-01 are based 
on single AMS ages. Four ages from carefully selected and pretreated samples collected from the same soil (2.3 
ka) in both cores are shown with the mean age (x) and combined standard deviation of the mean age next to each 
core.
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FIG. 2.-- Calibration of the mean 14C ages from core WC-12 and TC-01 (Fig. 1) from radiocarbon years to calibrated 
years (approximately calendar years) at one Standard deviation. At one standard deviation ihe mean age from core 
TC-01 corresponds to a calibrated-yr time interval of 260 yr. The mean age from WC-12, which falls on a much 
more favorable portion of Ihe calibration curve, corresponds wilh a calibrated-year time interval of only 20 yr. At 
one standard deviation the calibrated age intervals do not overlap. But if a more reasonable error multiplier of two 
is used (EM=2), ihe calibrated ages from ihe cores overlap considerably at two standard deviations (overlap shown 
by arrows above the calendar yr BP axis). Because of the overlap we cannot infer that ihe soils in bolh cores were 
submerged at different times.
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FIG 3.  Location and approximate age of macrofossil samples collected from the tops of peaty soils at selected sites 
in estuaries in Washington and Oregon. Most samples consist of stems and leaf sheaths of the marsh plants 
Juncus balticus, Carex lyngbyei, or Potentilla pacifica. The stems were rooted in the tops of abruptly buried soils 
and the stems extended 2-40 mm into the overlying mud or sand. The samples from the tops of the soils at Coos 
Bay and South Slough consist of dcirital above-ground plant parts and may differ more in age from the time of 
soil submergence and burial than the rooted plant fossils. More than eight samples were collected from each soil 
at each site. Following extensive cleaning and pretreatmcnt of the samples we will select five from each soil at 
each site for AMS analysis.
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Deformation of fluvial terraces

Personius is completing the initial phase of his analysis of fluvial terraces in the Coast 
Range of central Oregon. This analysis has two main objectives: (1) to search for active folds 
and faults, and (2) to analyze stream (bedrock) incision rates for evidence of differential uplift. 
Only a single example of an active structure has been found in the central Coast Range, a north- 
trending anticline in Eocene bedrock on the Siuslaw River that has warped the overlying fluvial 
terraces. However, there is no evidence that this or any other structure has been active in late 
Pleistocene or Holocene time. The poor preservation of terraces in the Coast Range indicates 
that other active structures may have gone undetected, but the presence of an undeformed, 
relatively continuous early Holocene terrace along most rivers precludes the presence of rapidly 
deforming Holocene structures. The large area affected by the anticline on the Siuslaw River 
(over 20 km wide) indicates that active folds should be easy to detect on profiles of older stream 
terraces.

Analysis of stream incision rates is dependent on the acquisition of accurate heights and 
ages of fluvial terraces, so in the course of this project, Personius obtained more than 30 
radiocarbon ages and 8 experimental thermoluminescence (TL) ages and measured bedrock 
strath heights at more than 50 sites on four rivers. The exact relationship between stream 
incision rates and uplift is unknown, but three of the rivers examined (Umpqua, Siuslaw, and 
Siletz) have concave stream profiles and limited TL ages on older terraces and more extensive 
radiocarbon results on younger terraces indicate no significant differences between short and 
long-term incision rates on individual rivers, so incision rates are probably roughly in 
equilibrium with rates of uplift. However, there are significant differences in bedrock incision 
rates between rivers. Rates on the Smith and Siuslaw Rivers are lower than rates on the 
Umpqua River to the south and Siletz River to the north, but perhaps the most striking 
differences are the very high incision rates on the Siletz River. Incision rates on the three 
southerly rivers are 0.2-0.4 mm/yr, whereas incision rates on the Siletz River are 0.7-0.8 
mm/yr. Climate in the region is relatively uniform and all these rivers flow through similar 
bedrock, so a tectonic cause for these differences appears likely. Personius found no evidence 
of pervasive tilting of the Coast Range.

Several recent geologic and geodetic studies have discussed evidence of both east-west and 
north-south trending deformation in coastal Oregon, but the relationship between this 
deformation and active subduction is still poorly understood. Personius's results indicate that 
differences in incision rates in the central Coast Range may be the result of folding associated 
with long-term, north-south directed compression in the overriding North American plate, 
and(or) may reflect the presence of a segment boundary in the underlying Juan de Fuca plate 
somewhere between the Siletz and Siuslaw Rivers in central western Oregon. The north- 
trending anticline on the Siuslaw River indicates some component of east-west compression in 
Quaternary time as well. Additional data on Quaternary deformation along other parts of the 
forearc of the Cascadia subduction zone are planned to help determine the origin of differential 
incision and uplift identified in the central Coast Range.
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Investigations

Preliminary geomorphic, archaeologic, and geologic investigations have been conducted at 
two sites in the Fort Ross State Historic Park, California, to investigate the late Holocene behavior 
of the San Andreas fault. These investigations included surficial geologic and geomorphic 
mapping, surficial and shallow subsurface archaeologic surveys, sampling of subsurface deposits 
through hand-auger drilling, and paleoseismic trench excavations. Objectives of the program are to 
obtain data on the amount and rate of slip on the fault via offset archaeological sites and the timing 
of past earthquakes via offset stratigraphy exposed in trenches across the fault.

Results

Detailed topographic base maps were prepared for two sites along the San Andreas fault, 
informally named the Archae Camp and Kolmer Gulch sites. The maps were prepared using a 
TOPCON total station and have 0.2 to 0.5 m contour intervals. The distribution of Quaternary 
deposits and geomorphic features indicative of faulting were mapped for each site, together with 
the locations of preliminary archaeologic surveys and excavations. These maps were used to 
characterize and locate the sites for trench excavation.

Both the Kolmer Gulch and Archae Camp sites are locations of paleo-indian occupations. 
The surface distribution of archaeologic sites have been mapped in detail at both sites through 
shovel probe and surface collection methods. The State-registered "Archae Camp" occupation site 
(SON-670) is located along the eastern margin of the San Andreas fault. Our shovel probe survey 
identified artifacts at a previously unidentified site approximately 35 m north of and similar to the 
known Archae Camp site. We believe these artifacts may represent an offset remnant of an earlier, 
larger Archae Camp site.

A more extensive archaeologic investigation was made of the "Murley" site, located near 
Kolmer Gulch in the northern part of the park. Ground survey, shovel probe, and shallow 
excavations revealed the extent and surficial character of two archaeologic sites. The sites are 
separated by 20 to 40 m across the trace of the San Andreas fault that ruptured in 1906. A fence 
and road, located about 250 m south of the site, were offset by over 2 m along this trace of the 
fault during the 1906 event. These sites have good evidence of originally being one site. The 
boundaries and ages of these sites are as yet undetermined.

Subsurface extent of the Archae Camp site is being conducted through hand-auger boring on 
a 5 m grid. Samples from these boreholes are being analyzed for physical and chemical tracers of
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the archaeological sites. Some of these boreholes were used to assess the stratigraphy of a trench 
site prior to its excavation. Subsurface investigations of the Murley site await the results of the 
Archae Camp study.

Two trenches, both approximately 10 m long, were excavated at Archae Camp across a west- 
facing scarp and paleo-sag pond along the 1906 trace of the iSan Andreas fault The trench 
stratigraphy provides evidence for at least two large earthquakes, the 1906 and presumably the 
penultimate (?) events. Charcoal collected in the trench investigation will be dated by radiocarbon 
methods to provide constraints on the timing of the events.

Reports

Noller, J.S., Lightfoot, K., and Wickens, K.A., in prep, Preliminary results of 
geoarchaeologic investigations along the northern San Andreas fault zone, Fort Ross State Historic 
Park, CA: California Archaeologic Society Meeting, Pasadena, Spring 1992.
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703-648-6791

INVESTIGATIONS

A field search for paleoliquefaction features is being jointly conducted throughout the 
Wabash Valley Seismic Zone, by S. F. Obermeier and other NEHRP-funded participants 
(Profs. P. J. Munson and C. A. Munson, Indiana University; and N. R. Bleuer, Indiana 
Geological Survey). Most of the field sites that have been searched are in actively eroding 
banks of the largest rivers in the area. Figure 1 shows current status of field search.

RESULTS

Major findings are as follows:

1. The dikes in the Wabash Valley are of earthquake origin, on the basis of the following 
evidence:

a.) the dikes have characteristics that are entirely consistent with dikes produced by 
earthquakes elsewhere in the same geologic setting (especially the epicentral region of 
the 1811-12 New Madrid earthquakes).

b.) there is no field evidence, of the sort that should be commonplace, to support the 
concept that the dikes were formed by non-seismic mechanisms such as artesian 
conditions or landslides.

c.) the field settings in which the dikes formed are not conductive to formation of 
significant artesian conditions that could induce non-seismic landslides.

2. It is highly possible that virtually all the features were formed by a single large 
earthquake, that took place between 2,500 and 7,500 years ago.

3. The epicenter of the strongest earthquake was probably in the Vincennes, Indiana - 
Lawrenceville, Illinois region.

4. The strength of earthquake shaking that formed the dikes far exceeds historic levels of 
shaking in the Wabash Valley, and far exceeds the level of shaking of the 1895 Charleston, 
Missouri earthquake (mb6.2, MW6.7).

521



II

5. If all the dikes in the Wabash Valley are from a single earthquake, the level of shaking 
could have exceeded that of the 1886 Charleston, South Carolina earthquake (mb6.7, MW7.5).

REPORTS

Obermeier, S. F., Bleuer, N. R., Munson, C. A., Munson 
McWilliams, K. M., Tabaczynski, D. A., Oduir 
L., 1991, Evidence of strong earthquake shaking 
prehistoric liquefaction features: Science, v. 25

, P. L, Martin, W. S., 
, J. K., Rubin, M., and Eggert, D. 
in the lower Wabash Valley from 
, pp. 1061-1063.

Obermeier, S. F., 1991, Paleoliquefaction evidence for moderate to strong earthquakes in the 
earthquakes in the central and eastern U.S.: Geologic Society of America with 
Programs, v. 23, no. 1, p. Alll.

Obermeier, S. F., Munson, P. J., and Labitzke, M. D.j 1991, Liquefaction evidence for a 
large Holocene earthquake in the Wabash Valley I of Indiana-Illinois: Eastern Section, 
Seismological Society of America, 63rd Annual Meeting, Memphis, TN., program 
and abstracts.
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Fig. 1. Map showing locations generally having sediments susceptible to liquefaction that 

were searched for liquefaction features, and locations and sizes of features discovered. Sites 

having dikes are shown in capital letters. A continuous search of Wabash River banks was 

made from the confluence with the Ohio River northward to the limit shown on the map; a 

continuous search of White River banks was made from the confluence with the Wabash 

River eastward to the limit shown on the map. The banks along the Wabash River and White 

River are underlain at most places by moderately liquefiable sediments. Outcrop quality is 

highly variable, but is generally good along the Wabash River except for that portion shown 

on the map. Outcrop quality is generally very poor along the White River because of 

extensive slumping of banks into the river. Sites of localized searching are denoted by 

symbols in the explanation for the figure. Question mark designates uncertainly in whether 

features were induced by the 1811-12 New Madrid earthquakes. Dike width shown on figure 

is the width measured at least 0.3 m above the base of the dike; where the base of the dike 

could not be observed, the width is the maximum exposed.

523



EXPLANATION

Sites containing 1 to 27 dikes 

Location of searched sand pit

Location of searched sand pit containing dikes ; 

Region of localized search of stream banks

10 20 30 40 SO 60 70 KILOMETERS

L_ iwtern limit of study 
along White River

SB ms. 1811-127)

Wabash Valley
seismic

zone)

524



II

Array Studies of Seismicity
9930-02106

David H. Oppenheimer
Branch of Seismology

United States Geological Survey
345 Middlefield Road - MS 977
Menlo Park, California 94025

415-329-4792

Investigations

1. Consolidation and clean-up of phase data of central California Seismic Network (CAL- 
NET) from 1968 through present

2. Seismicity of the Hayward fault.

3. Slip transfer from the Calaveras to the Hayward fault.

4. Honeydew earthquake near Cape Mendocino

5. Northern California Seismic Network Review

6. Seismic gaps in the San Francisco Bay region.

Results

1. The last phase of the reprocessing of CALNET earthquake data collected since 1968 is 
underway (see previous Semi-Annual Reports). For earthquakes with M>3.0 we com­ 
pared the U.C. Berkeley magnitudes (ML) with the USGS coda and amplitude 
magnitudes to detect any errors in the USGS catalog. These errors have been corrected, 
and we are now in the process of examining earthquake locations with an RMS>0.5 s to 
ascertain the reason for the poor locations.

2. We reviewed the seismicity of the Hayward fault recorded by the University of Califor­ 
nia at Berkeley (UCB) for the period 1910-1969 and by the U.S. Geological Survey 
(USGS) after 1969 to gain an understanding of the fault structure and mechanics of 
main shock rupture. The UCB network magnitude detection threshold is approximately 
3.0, whereas the USGS network has a threshold of approximately 1.5. No earthquake 
has occurred on the fault since 1910 with a magnitude greater than 4.5. Since 1969 the 
USGS has located 1100 earthquakes within 3 km of the Hayward fault. To obtain accu­ 
rate earthquake locations, a velocity model has been developed specifically for this 
fault from a joint hypocenter-velocity determination procedure using quarry blasts to 
calibrate locations. The resulting earthquake locations indicate that the Hayward fault is 
near vertical (dip > 80°) over most of its length, with its seismicity occurring between 
depths of 2 and 12 km. Earthquakes which locate on the fault have focal mechanisms 
with right-lateral slip on a vertical plane parallel to the Hayward fault. Off-fault seis­ 
micity occurs near Lake Chabot in San Leandro and near Berkeley. The Lake Chabot 
seismicity clusters within a cylindrical volume with a radius of 2 km and to depths of 
12 km. The associated focal mechanisms are complex, exhibiting both right-lateral and 
reverse motion on planes parallel to the Hayward fault, and right-lateral motion on
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north-trending vertical planes. Unlike seismicity observed on other strike-slip faults in 
central California, the seismicity of the Hayward fault does not clearly delineate aseis- 
mic regions where main shocks tend to occur. Instead, the seismicity occurs in isolated 
clusters throughout the fault zone. In particular, it is difficult to recognize the extent of 
the rupture zones of the M6.8 1836 and M6.8 1868 earthquakes from the spatial pattern 
of earthquakes occurring since 1969. Similarly, it is difficult to forecast the extent of fu­ 
ture main shock rupture from these data.

3. In collaboration with Joe Andrews and Jim Lienka^mpaer of the USGS, we have pre­ 
pared a manuscript describing the left stepover between the Calaveras and Hayward 
faults. The geometry of the faults gives rise to compressive strain that must be accom­ 
modated by vertical deformation. The highest hills bordering the east side of San Fran­ 
cisco Bay (Monument Peak to Mission Peak) are situated there. The projection of the 
active trace of the Hayward fault is offset 3.5 km from the junction of the northern and 
southern segments of the Calaveras fault at Calaveras reservoir. For pure strike slip on 
the Hayward and Calaveras faults, the stepover region is compressed in area at a rate 
given by the offset times the long-term slip rate of 9 mm/yr on the Hayward fault. As­ 
suming a seismogenic depth of 10 km, the change in volume accumulated over 150 
years is equivalent to a dip-slip seismic moment of £.8 X 1025dyne-cm. This moment, 
if released in a single event, would generate an earthquake of magnitude 6.3 due to dip 
slip alone.

Dip slip may occur on buried faults throughout the stepover region. The base of the 
southwest face of Monument Peak suggests a buried thrust or reverse fault dipping 
northeast. The prominent scarp on Mission Peak ha£ the same strike and sense of slip. 
Current microearthquakes between the Calaveras and Hayward faults align parallel to 
the Mission fault, but show only horizontal slip on a vertical fault plane. To satisfy the 
geometric constraint, therefore, the Mission fault zone must consist of two or more 
fault surfaces inclined at different dip angles, as is observed in the San Andreas fault 
zone in the Loma Prieta area. Horizontal slip is building up stress on the inclined fault, 
which is currently locked. Growing compressive stress will increasingly impede hori­ 
zontal slip until a thrust or reverse-slip event occurs, allowing then more horizontal slip 
to be transferred from the Calaveras to the Hayward fault. The dip-slip fault might be 
the unstable element governing slip in the larger system.

4. A magnitude (M) 6.0 earthquake occurred beneath the northwest portion of the King 
Range at 12:29 40.51 PST on August 17, 1991. Thi^ is the largest earthquake to have 
occurred at this locale in historic time. The earthquake was located by the U.S.G.S. 
from data recorded by the Northern California Seismic Network (NCSN). The earth­ 
quake initiated rupture at a depth of 12.3 km with ai|i epicenter 5 km due east of Punta 
Gorda, 6.7 km south of Petrolia, and 15 km west of Honeydew. A narrow zone of sur­ 
face cracking approximately 5 km long was observed trending southeast of Honeydew. 
A focal mechanism was calculated from P-wave first-motions observed on NCSN and 
world-wide seismographic stations and showed that slip occurred on a reverse fault ori­ 
ented parallel to the surface cracks and dipping approximately 55° down from the hori­
zontal to the southwest. These observations indicate that the earthquake initiated
rupture at the base of this fault and ruptured up dip and to the southeast. Geologists
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have mapped numerous reverse faults with orientations similar to the Honeydew earth­ 
quake in this region, which suggests that this recent earthquake is typical of the process 
that causes uplift of the King Range.

5. A report was prepared that describes the functions of the Northern California Seismic 
Network, and its accomplishments since its inception in 1967. The report contains a 
comprehensive bibliography of the 350 publications that are based on data collected by 
the network.

6. As reported in the previous Semi-annual technical summary, the 20 years of microseis- 
micity in the San Francisco Bay area defines aseismic regions (gaps) at the base of the 
seismogenic zone which are likely sites for main shocks to rupture. If correct, this mod­ 
el provides a way to forecast both the place and magnitude of future main shocks. To­ 
gether with knowledge of the fault slip rate and record of historic earthquakes, it is then 
possible to make intermediate-term predictions of earthquake occurrence. An article 
was prepared for submission to the Symposium Proceedings on the Xianshuihe Fault.

Reports

1. Oppenheimer, D.H., F. Klein, and I. G. Wong, Seismicity of the Hayward fault, Sec­ 
ond Conference on Earthquake Hazards in the Eastern San Francisco Bay Area, abs., 
1992.

2. Oppenheimer, D.H., and N. Macgregor-Scott, Seismotectonics and earthquake poten­ 
tial of the east San Francisco Bay region of California, Second Conference on Earth­ 
quake Hazards in the Eastern San Francisco Bay Area, abs., 1992.

3. Andrews, D. J., D. H. Oppenheimer, JJ. Lienkaemper, The Mission link between the 
Hayward and Calaveras faults, submitted to J. Geophys. Res., 32 pp., 1991.

4. Oppenheimer, D.H., and M. E. Magee, The 1991 M6.0 Honeydew, California Earth­ 
quake, EOS, Trans. Am. Geophys. Union, 72, p. 311,1991.

5. McPherson, B.C., L.A. Dengler, and D.H. Oppenheimer, Evidence of compressional 
tectonics in the Kings Range, California: the 1991 Honeydew earthquake, EOS, 
Trans. Am. Geophys. Union, 72, p. 315,1991.

6. Oppenheimer, D.H., EW. Klein, and J.P. Eaton, A Review of the The Northern Cali­ 
fornia Seismic Network, U.S. Geological Survey Open-File Report 91-XXX, 33pp., 
1991.

7. Oppenheimer, D. H., Forecasting main shock rupture location in the San Francisco 
Bay region of California from microearthquake locations, in The Collected Works of 
the P.R.C. - U.S. Bilateral Symposium on the Xianshuihe Fault Zone, in press, 22 
pp., 1992.
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Investigations

The purpose of this project is to provide the day-to-day management and systems 
maintenance and development for the Golden Data Processing Center. The center 
supports Branch of Geologic Risk Assessment with a variety of computer services. 
The systems include a PDP 11/70, a VAX/750, a VAX/780, two MicroVAX's, two 
SUN servers, 5 SUN workstations, and a PDP 11/34. Total memory is 40 mbytes 
and disk space is approximately 7 G bytes. Peripherals include four plotters, ten 
mag-tape units, an analog tape unit, two line printers, 5 CRT terminals with 
graphics, and a Summagraphic digitizing table. Dial-up is available on all the major 
systems and hardwire lines are available for user terminals on the upper floors of 
the building. Users may access any of the systems through a Gandalf terminal 
switch. Operating systems used are RSX11 (11/34's), Unix (11/70), RTll(LSPs) and 
VMS (VAX's).

Results

Computation performed is primarily related to the Hazards program; however, work 
is also done for the Induced Seismicity and Prediction programs, as well as for 
DARPA, ACDA, and U.S. Bureau of Reclamation, among others.

The data center supports research in assessing seismic risk and the construction of 
national risk maps. It also provides capability for digitizing analog chart recordings 
and maps. Also, most, if not all, of the research computing related to the hazards 
program are supported by the data center.

The data center also supports equipment for online digital monitoring of Nevada and 
Colorado Western Slope seismicity. Also, it provides capability for processing 
seismic data recorded on digital cassette tape in various formats.

The computer center manages the local area networ t (LAN) providing central
backup facilities, file services, and peripheral access 
computers. This LAN management is accomplished
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Introduction
We are monitoring fluctuations of resistivity with telluric 

currents in Parkfield. The array uses grounded telephone lines as 
dipoles (Figure 1) . The analysis and relevant results through 
early 1990 are discussed in Park [1991]. We look at daily 
fluctuations of the telluric coefficients relating Dipoles 1 
through 6 to the reference dipoles of Dipoles 7 and 8. Thus, we 
are looking at relative variations, rather than absolute ones. 
Changes in the telluric coefficients are directly related, albeit 
through the response of a complex, heterogeneous earth, to changes 
of resistivity.

Discussion of Data
Results of the analysis for the past nine months for Dipoles 

1 through 6 are shown in Figures 2 through 7. We plot the 
projection of the daily fluctuation of the telluric coefficient 
onto the major and minor eigenvectors (upper and lower plots for 
each dipole, respectively) and the coherency as a measure of the 
data quality. Based on fluctuations of the projections for all of 
1988 and 1989, standard deviations for the daily projections were 
calculated. The 95% confidence intervals (approximately 2a) are 
shown with dashed lines in Figures 2 through 7. Only deviations 
beyond these confidence intervals which affect multiple dipoles for 
several days are examined more closely. The events on Dipoles 2, 
4, and 5 beginning about Day 215 (Figures 3,5, and 6) and on 
Dipoles 1, 4, and 5 beginning about Day 35 are possibly 
significant. We are now looking at other geophysical anomalies 
(strain, water level, seismicity) for possible correlations.

We are beginning to see evidence of long term changes over 
several years on some of the dipoles. For example, the major 
projection on Dipole 4 (Figure 5) is consistently tracking along 
the lower boundary of the 95% confidence interval. This interval 
was determined using the data from 1988 and 1989, and annual 
changes would be seen as deviations of the long term averages for 
1990 and 1991 from those of 1988 and 1989. This dipole is one of 
the best in the array, so this behavior is significant. We are now 
looking at the long term averages of these projections.

Conclusions
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The array continues to yield data with stabilities of less 
than one percent on most of the projections and two percent on the 
worst projections. Fluctuations of the telluric projections beyond 
the noise levels have been detected and may be related to changes 
of resistivity. Correlation with other physical phenomena is 
necessary in order to determine wiether these changes are 
tectonically significant, however.

Reports Published

Park, S.K., Monitoring changes of resistivity prior to earthquakes 
in Parkfield, California with telluric arrays: J. Geophys. 
Res., 96, 14211-14327, 1991.
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Figure 1 - Telluric monitoring array in Parkfield. Electrodes are 
marked with dots and eletronically created dipoles are shown 
with lines. Strain meters at Eades (EA) and Donna Lee (DL) 
are shown.
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Figure 2 - Residual analysis for Dipole 1 for the past nine 
months. The first plot is the projection of the residual 
on the major eigenvector with a scale of +2% to -2% and the 
second is the projection on the minor eigenvector with a scale 
of +5% to -5%. Coherencies are between the signal predicted 
using the telluric coefficients and the measured signals are 
shown between .998 and 1.000. 95% confidence intervals are 
shown with dashed line on the projection plots.
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Figure 3 - Residual analysis for Dipole 2 for the past nine 
months. See caption of Figure 2 for explanation.
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Figure 4 - Residual analysis for Dipole 3 for the past nine 
months. See caption of Figure 2 for explanation.
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Figure 5 - Residual analysis for Dipole 4 for the past nine 
months. See caption of Figure 2 for explanation.
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Figure 6 - Residual analysis for Dipole 5 for the past nine 
months. See caption of Figure 2 for explanation.
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Figure 7 - Residual analysis for Dipole 6 for the past nine 
months. See caption of Figure 2 for explanation.
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Investigation

This contract supported continued operation of a seismic 
network in the western Great Basin of Nevada and eastern 
California, with the purpose of recording and locating 
earthquakes occurring in the western Great Basin, and 
acquiring a data base of phase times a;nd analog and digital 
seismograms from these earthquakes. Research using the data 
base was performed under USGS contracts 14-08-0001-G1524 and 
14-08-0001-A0618 and is reported elsewhere in this volume.

Results

During the time period 1 April 1991 to 30 September 1991 2,131 
earthquakes were registered by the University of Nevada within 
the University of Nevada seismic network, which monitors the 
eastern Sierra Nevada - Western Great Basin area with special 
emphasis on the Mammoth Lakes/Long Valley caldera region 
(Figure 1). Of the 2,131 events located during this six month 
period, 12 were magnitude 3 and greater and three exceeded 4 
in magnitude. There was no dominant sequence or swarm during 
this time period, although swarms and clusters of events 
continue to occur in and near Long Valley caldera.

Seismicity in the vicinity of the caldera is shown in Figure 
2!. Because of the reactivation of uplift (Dec 1989) and the 
close proximity of the swarm to the town of Mammoth Lakes, 
this activity commands special attention and warrants careful 
monitoring. Aftershocks of the 1984 Round Valley and 1986 
Chalfant sequence continue, and are ot^vious in this figure.

Catalogs covering the seismicity are in print for the time 
period up to 31 December 1989. The previous network computer 
system, consisting of a PDPll/70 and a PDPll/34 was replaced 
by the Microvax/CUSP system on 7 November 1989. The 
completion of a bulletin through 1989 will put, in a single 
place, all of the information taken from the PDPll/70 system. 
Every effort has been made to maintain consistent procedures 
in making the transfer to the CUSP system, so that the 
completeness of the catalog, the computation 
and the location procedures will

of magnitudes, 
be comparable. However,

researchers should note that some inconsistency is bound to
creep in, so use caution. Before 7
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catalog locations were obtained from the PDPll/70 system; 
after 1 January 1990 all come from the CUSP system; for the 
two months November and December 1989 the catalog contains a 
mix of events. Because of considerable computer down time in 
December 1989, quite a bit of data was lost. We are now 
working on merging data with the USGS CUSP system in Menlo 
Park to recover this lost data, and plan to include this in 
our bulletin as well.

With the onset of the CUSP system, the network data stream now 
includes calibrated digital waveforms from nine wideband (0.05 
to 20 Hz) three-component digital stations located around this 
region (Figure _!). Therefore, the MEM/GRM file pairs after 7 
November 1989 also contain this information together with the 
uncalibrated vertical waveforms used for earthquake timing. 
Also operating on the Microvax system is an Exabyte data 
logger, which continuously records the incoming digital data 
on tape, and is being kept as an ongoing data library, 
providing access to data for distant teleseisms and large 
events. Calibration pulses for the digital stations (not 
complete at this writing) are found on the UNR Microvax system 
in ROOT$DUAO:[CALPULSES]. The UNR computer can be reached 
either by 1200-baud remote modem (numbers 702-784-1592 or 
702-784-4270): please call Bill Peppin at 702-784-4975 for 
information how to log onto the computer (KERMIT is 
available). The microvax cluster can also be accessed through 
the TELNET address 134.197.33.249 (the login TEMP password 
RENO) and supports TCP/IP communications through the FTP file 
transfer package from Multinet.
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April 1991 - September 1991

120

L. TAHOE X  IV  

\5» 1 VALKER i. B*
'  X V'» 8- _ 

  \*

2345

Magnitude
Figure 1



II

Mammoth - White Mountains Seismicity 
April 1991 - September 1991
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ALASKA GEOLOGIC EARTHQUAKE HAZARDS
9310-01026

George Plafker
Branch of Alaskan Geology, MS-904

345 Middlefield Road
Menlo Park, CA 940^5

415-329-8920

Investigations

1. Continue studies in the Copper River delta of the recurrence intervals for great tectonic 
earthquakes and the seismic cycle associated with the eastern Aleutian subduction zone (with Ken 
LaJoie and Meyer Rubin, U.S.G.S.).

2. Carry out a field reconnaisance of coseismic shoreline deformation and tsunami effects of the
April 22, 1991 Costa Rica earthquake (with S.N. Ward, U C. Santa Cruz)

3. Complete compilation of a Neotectonic Map of Alaska for publication as a plate in the 
Decade of North American Geology volume on Alaska (with Lou Gilpin, U.C. Santa Cruz and John 
Lahr, U.S.G.S.).

Results

1. Paleoseismicity and Seismic Cycle from the Copper River Delta, Alaska

The Copper River delta stratigraphic sequence near the eastern end of the Aleutian subduction
zone records repeated sudden uplift events followed by £ gradual interseismic subsmergence that 
exceeds the coseismic uplift. The most recent uplift was during the March 27, 1964 Alaska 
earthquake (9.2 MJ at which time about 2+ m of coseismic uplift resulted in abrupt conversion of 
intertidal mud flats as much as 4 km wide into subaerial marshes. The delta stratigraphy records 
at least four comparable coseismic uplift events, with intervening episodes of gradual interseismic 
subsidence that exceeds the amount of coseismic uplift. The upper 13.5 m of the stratigraphic 
sequence consists of at least six thin (10-30 cm) beds of fresh-water peat with sharp basal contacts 
that grade upward into thicker (1-3 m) beds of varved(?) intertidal silt containing the rooted 
remains of salt-tolerant sedge (fig. 1). Each peat-silt pair reflects a complete earthquake cycle 
consisting of an abrupt coseismic uplift above the highest-tide level during which fresh-water peat 
formed, followed by gradual subsidence, with eventual resufemergence and burial beneath intertidal 
silt. The thickness of silt layers indicates that coseismic uplifts for four pre-1964 events are > 1-1.75 
m, suggesting that the causative earthquakes were comparable in magnitude and mechanism to the 
1964 earthquake. No uplift events < 1 m are recorded as peat layers in the stratigraphic sequence.

14C dating of the last two pre-1964 uplift events exposed in surface sections are at about 690-790 
and 1310-1440 calibrated years bp (fig. 1); three older events sampled by hand auger are tentatively
dated at about 2140-2410, 2790-3065, and 3515-3740 years
being dated. 14C dating of plant fossils in the intertidal silt in dicates interseismic tectonic subsidence 
rates as high as 4.4 mm/yr and long-term average subsidence of about 0.7 mm/yr for 3000 yrs, 
assuming an average 1.5 mm/yr eustatic sea level rise. These data require a seismic cycle at Copper
River delta in which interseismic subsidence is equal to or

b.p. and a fourth event is in process of

larger than the coseismic uplift (fig. 2).
Additional dating-including replicate dates by different laboratories and techniques-is in progress 
to determine age resolution for both the paleoseismic events and interseismic subsidence rates.
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Tide gage data at Cordova just west of the Copper River delta show a linear submergence rate 
of about 6.5 mm/yr since the 1964 earthquake of which about 5.0 mm/yr is assumed to be tectonic 
(Savage and Plafker, 1991). At this rate, only about 400 yrs are required to recover the 1964 
coseismic uplift. Net submergence for the cycle (sea level rise minus coseismic uplift) could be 1.9- 
3.8 m for the indicated recurrence intervals of 600-950 years. Observed thicknesses of only about 
2-3 m for the pre-1964 intertidal silt and 1-1.75 m for the older silt layers, however, suggests that 
either the high submergence rates recorded by the tide gage may decrease with time or that 
intertidal silt accumulation does not always keep up with submergence.

2, Results from Costa Rica Earthquake Field Study

A reconnaissance was made of surface deformation and the tsunami that accompanied the 
destructive April 22, 1991 Costa Rica-Panam£ earthquake (7.4 Ms) along the Caribbean Sea coast. 
Field expenses were funded by an NSF grant to Karen McNally (U.C. Santa Cruz).

In the absence of recording tide gages in the region, displacements along the coast were 
determined from the lower to upper limits of sessile intertidal organisms killed by coseismic uplift 
on coral reefs or shoreline structures, observations made by local residents of tide levels relative to 
known reference markers along the shore, and measurement of the relative heights of pre-and post- 
quake average high tide levels from driftwood lines on beaches. In addition, data on the general 
nature and distribution of offshore vertical displacements could be inferred indirectly from analysis 
of the measured run-up heights of the tsunami waves they generated combined with the arrival 
times of the first waves as reported by local residents.

Uplift relative to sea level of as much as 157 cm occurred along the coast for at least 70 km from 
near Cocal to the border with Panama (fig. 3). The vertical displacements together with data on 
the heights and arrival times of tsunami waves suggest that the axis of uplift intersects the coastal 
beach ridge about 4 km north of the port of Mom and that to the east and south it is up to 5 km 
offshore and roughly parallel to the coast. The earthquake and tsunami were generated by relative 
seaward thrusting along the fault or faults that bound the north Panam£ deformed belt on the north 
and generally dips from the Caribbean Sea continental shelf beneath the coast of Costa Rica and 
northern Panama\ The combined seismological and vertical displacement data suggest that the main 
fault rupture dips landward at an angle of about 30°, is at least 28 km wide and about 70 km long, 
and it intersects the coast just north of Moin. Dislocation modelling suggests that average slip on 
the causative fault was about 2.3 meters and that seaward shifts of as much as 2 meters probably 
affected segments of the coast from Limon southward (fig. 4).

Reports

Plafker, G., LaJoie, K.R., and Rubin, M., 1991, New data on the recurrence interval and seismic
cycle for great 1964-type earthquakes in the Copper River Delta, Alaska [abs.]: Seismological
Research Letters, v. 62, no. 1, p. 38. 

Plafker, George, LaJoie, K.R., and Rubin, Meyer, in press, Determining recurrence intervals of
great subduction zone earthquakes in southern Alaska by radiocarbon dating: in Taylor, R.E.,
Long, Austin, and Kra, Renee, eds., Radiocarbon After Four Decades: An Interdisciplinary
Perspective, New York, Springer-Verlag. 

Plafker, George, Ward, S.N., Malavasi, Eduardo, van der Laat, Rudolfo, and Weber, G.E., 1991,
Thrust Faulting and Tectonic Uplift Along the Caribbean Sea Coast of Costa Rica During the
April 22, 1991 Earthquake [abs.]: EOS, v. 72, no. 44, p. 301. 

Savage, J.C., and Plafker George, 1991, Tide-gage measurements of uplift along the south coast of
Alaska: Journal of Geophysical Research, v. 96, no. B3, p. 4325-4335.
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Figure 1. Stratigraphy and sedimentation history of interbedded subaerial peat and intertidal silt at lower 
Alaganic Slough, Copper River delta. Radiocarbon-dated samples of peat are shown by solid dots, wood by 
squares, and intertidal sedge in silt by open circles. Large arrows at base of peat layers indicate interpolated ages 
of coseismic uplift that resulted in change from intertidal to subaerial deposition. The two coseismic uplift events 
at this site have calibrated 14C ages of 780 and 1450 years BP. Small arrows at top of peat layers indicate the 
approximate time when the peat layer was drowned by gradual interseismic submergence; two equally plausible 
submergence times are shown for the upper layer.
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Figure 2. Stratigraphy and displacement history for the Copper River delta assuming coseismic uplift events 
comparable to the 1964 uplift of about 2m and linear interseismic submergence (tectonic plus eustatic) at a rate 
of about 6 mm/yr. Coseismic uplifts indicated by vertical lines (A-B, A"-B', A"-B"). Peat accumulation occurs 
during the interval from coseismic uplift to resubmergence below extreme high tide (post-B, B'-C, B"-C") and 
accumulation of intertidal deposits occurs during the remainder of the interseismic interval (C'-D', C"-D"). The 
inset diagram shows three possible nonlinear interseismic subsidence paths.
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Figure 3. Map showing distribution and amount of 
earthquake. Numbered black dots are shoreline data points; 
approximate uplift in cm; the zero isobase contour (dotted) is 
position is from the dislocation model in figure 4; the axis of u 
based on measured shoreline changes in the northern part of the 
short dashed lines are onshore and offshore elevation contours in
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CARIBBEAN SEA

20 KM 
10.041 -83.103

Moto Llmon Cahull* Gandooa BaBllm«nlo«
  i i i i i 

OBSERVED AND PREDICTED

OBSERVED UINU8 PREDICTED '

0 
HW

14i SO 46 00 7ft OO 106 ItO 19ft 
DISTANCE ALONG THE COAST (km) SB

Figure 4. Top. Contour plot of uplift from a dislocation model whose strike was held close to the seismically- 
determined value. Dark solid contours trace uplift at 25 cm intervals. Large dashed contour is zero uplift. Short 
dashed contour encloses subsidence greater than 10 cm. The fault (short dashed rectangle) is 71 km long, 28 
km wide, dips at 30°, strikes at 120° and has 2.3 m of dip slip. Fault models which yield a satisfactory fit to the 
observed vertical tectonic displacements (figure 3). The vertical displacements calculated for the models are 
shown in the upper part of the figure. The fault planes for each model are shown in the lower part of the figure. 
Middle. Plot of observed (circles) and predicted (solid line) uplift versus distance along the coast. Bottom. Plot 
of observed minus predicted uplift along coast. The poor fit near Moin-Limon suggests the presence of a shallow 
secondary thrust fault striking east-west inland from the coast.
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Figure 4. Top. Contour plot of uplift from a dislocation model whose strike was held close to the seismically- 
determined value. Dark solid contours trace uplift at 25 cm intervals. Large dashed contour is zero uplift. Short 
dashed contour encloses subsidence greater than 10 cm. The fault (short dashed rectangle) is 71 km long, 28 
km wide, dips at 30°, strikes at 120° and has 2.3 m of dip slip. Fault models which yield a satisfactory fit to the 
observed vertical tectonic displacements (figure 3). The vertical displacements calculated for the models are 
shown in the upper part of the figure. The fault planes for each model are shown in the lower part of the figure. 
Middle. Plot of observed (circles) and predicted (solid line) uplift vprsus distance along the coast. Bottom. Plot 
of observed minus predicted uplift along coast. The poor fit near Mjoin-Limon suggests the presence of a shallow 
secondary thrust fault striking east-west inland from the coast.
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Quaternary Chronostratigraphy and Deformation History, 
Los Angeles Basin, California

9910-04555

Daniel J. Ponti 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road MS 936

Menlo Park, CA 94025
(415) 329-5679

Investigations

The project entitled Quaternary Deformation and Seismic History, Southern California, (K. Lajoie, project 
leader), funded the following investigations in FY 91:

1. Amino-acid geochronology, faunal correlations, and uplift history of late Pleistocene marine 
terraces in San Pedro, Los Angeles basin, California (with C. Powell, and K. Lajoie).

2. Continuous-core drilling in the Long Beach/Signal Hill area.

3. Paleomagnetic and amino-acid investigations of the lower (marine) Saugus Formation in the 
Spanish Hills area, Camarillo, California (with K. Lajoie, P. Heussler).

4. Post-earthquake investigations, Sierra Madre Earthquake of June 28,1991 (with K. Lajoie, D. 
Morton).

The project entitled Fault Behavior and Earthquake Effects: San Francisco Bay Region (D. Schwartz, project 
leader), funded the following investigations in FY 91:

5. Origins and characteristics of off-fault surface ruptures produced by the 1989 Loma Prieta 
earthquake (with R. Wells).

Results

1. Three marine terraces of late Pleistocene age are now recognized in the city of San Pedro, 
California. Ratios of D-alloisoleucine to L-isoleucine (alle/Ile) from 20 molluscan genera calibrated 
against ratios from sites of known age indicate that all three terraces formed during marine oxygen- 
isotope stage 5 (124-81 ka). All three terraces are faunally and morphologically distinct, but only the 
lower two can be distinguished solely on the basis of amino-acid data.

The lowest and youngest Mesa terrace (see Fig. 1) is the most extensive and comprises most of 
the southern portion of the first terrace as previously mapped by Woodring and others (1946). Marine 
sediments deposited on the terrace platform comprise the Palos Verdes Sand, which on this terrace 
exhibits a molluscan faunal assemblage that at some localities (eg. Crawfish George's) contain 
extralimital northern taxa. The intermediate Pacific terrace is restricted to northeastern San Pedro 
and was originally mapped by Woodring and others as part of the first terrace. Although its platform 
is only several meters higher than that of the Mesa terrace, alle/Ile ratios from 11 genera clearly 
distinguish the Pacific terrace from the Mesa. Furthermore, the Palos Verdes Sand on the Pacific 
terrace contain some extralimital southern molluscan taxa, indicative of somewhat warmer water 
temperatures. The highest and oldest Gaffey terrace (Terrace 2 of Woodring and others) occurs in 
northern and central San Pedro; its platform is more than 15 m higher than that of the Pacific terrace, 
and the terrace is morphologically distinct. Fossil molluscan assemblages from this terrace contain
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Figure 1. Map of the San Pedro area showing the distribution and elevations of the upper Pleistocene marine terraces. 
Labelled points refer to significant fossil localities.

a greater percentage of extralimital southern taxa than from those of the Pacific terrace, but alle/Ile 
ratios from the Gaffey and Pacific terraces are essentially equivalent.

Based on the morphology of the terraces and the faunal data, the Gaffey, Pacific, and Mesa 
terraces must represent marine terrace formation during three different sea-level high-stands. 
During each successive high-stand, water temperatures were progressively cooler. These data, plus 
amino-acid ratios that restrict the ages of the terraces to less than ~ 124,000 years, lead to the 
conclusion that the Gaffey, Pacific, and Mesa terraces formed during oxygen isotope substages 5e 
(-124-118 ka), 5c (~102 ka) and 5a (~81 ka), respectively. Assuming constant uplift, we derive a late- 
Pleistocene-to-Recent uplift rate of -0.35 m/ka for this portion of the Palos Verdes Hills (likely due 
to movement of the Palos Verdes Hills fault and /or associated blind thrusts) and paleo-sea levels for 
isotope substages 5c and 5a of approximately -2 to -4 m land -4 to -5 m respectively; this is in good 
agreement with data from other parts of the California coast. The inability of the amino-acid data to 
distinguish between the Pacific and Gaffey terraces can be attributed to non-linear epimerization 
kinetics and the different diagenetic temperature historic; of the three terraces. Modelling the kinetic 
pathways for the three terraces (assuming the assigned ages) predicts that amino-acid ratios for the 
Mesa terrace should be significantly lower than those of I he Pacific terrace, and that there should be 
little statistical difference among ratios from the Pacific a nd Gaffey terraces (Fig. 2). This model also 
predicts a full-glacial to interglacial temperature shift ol : -3° C, which is consistent with CLIMAP 
data.
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EPIMERIZATION KINETICS, SAN PEDRO, CA

Gaffey Terrace 
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Figure 2. Modeled epimerization kinetics in the taxa Protothaca staminea, for upper Pleistocene marine terraces in San 
Pedro. Bars represent mean alle/fle ± 1 o. The models account for non-linear epimerization kinetics and the different 
diagenetic temperature histories experienced by deposits on each terrace. They predict that aDe/fle values for the Pacific 
and Gaffey terraces should not be statistically different, and that glacial to interglacial temperature variations should have 
been on the order of 3° C.

2. Funding for 300 meters of continous-core drilling in the Long Beach/Signal Hill area was 
approved for FY 91. The purpose of the coring is to: a) identify within the subsurface various time- 
horizons such as the Bruhnes-Matuyama paleomagnetic boundary and ash beds, b) assign numerical 
ages to the subsurface San Pedro Formation, c) provide subsurface temperature data so that amino- 
acid ratios can be properly calibrated, and d) provide a reference Quaternary stratigraphic section for 
the portion of the basin adjacent to the Newport-Inglewood zone of deformation.

Two drill sites have been selected and permitted. One hole at Polytechnic High School in Long 
Beach should encounter a minimum of 10 shell horizons and will better constrain the timing and rate 
of uplift of Signal Hill. A second hole planned at Long Beach School for Adults should, according to 
our present model, encounter the Matuyama paleomagnetic epoch within 30 meters and will 
hopefully extend into the Jaramillo event. Drilling was not accomplished in FY 91 because of 
difficulties in obtaining a technically competent drilling contractor. Arrangements have been made 
for a USGS rig to perform the coring in early 1992, although recent cost overruns within our branch 
will likely force further postponement.

3. Field reconnaissance and sampling for paleomagnetic and amino-acid analyses were performed 
on a section of the tectonically active Las Posas anticline, near Camarillo, California. We sampled a 
13 m thick section of the lower (shallow-water marine) Saugus Formation in a unit that had been 
previously identified as having a reversed polarity bias. Our paleomagnetic analyses, however, show 
no evidence for a reversal within the sampled section. Amino-acid analyses in progress should help 
determine if some of the paleomagnetic analyses are in error, or if our sampling occurred in a 
normally magnetized zone within the Matuyama epoch.

4. Reconnaissance of the San Gabriel Mountain front along segments of the Sierra Madre, Raymond, 
Duarte, and Clamshell-Sawpit fault zones immediately following the Sierra Madre earthquake of 28 
June, 1991, revealed no evidence of primary surface faulting. In addition, no cracks indicative of any 
signficant surface deformation were observed anywhere within the area covered in our reconnais­ 
sance. These observations are in accordance with computed aftershock locations which suggest that 
the primary rupture surface did not extend above a depth of ~10 km.
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5. The geometry and displacement of the coseismic surface ruptures produced by the 1989 Loma 
Prieta earthquake appear qualitatively consistent with tectonic extension across the crest of the 
uplifted hanging-wall block. Some displacements in Laurel Creek canyon and along the San Andreas 
and Sargent faults are consistent with right-lateral reverse faulting inferred for the mainshock, and 
small tensile failures along the axis of the Laurel anticline may reflect growth of the fold during deep- 
seated compression. However, a comparision of the fissure geometry and displacement to the local 
topography, bedrock lithology, and geologic structure indicate that the larger ridge-top fissures 
commonly have displacements that are parallel to the NNE regional slope directions and that are not 
consistent with ENE extension expected from this earthquake. Gravitational collapse localized on 
NW-trending bedrock structures such as bedding planes; faults and joints in the weak Tertiary strata, 
explains the observed tendency for left-lateral extension more readily than do tectonic models. Also, 
measured cumulative displacements across the ridge crests are at least 35 times larger than that 
predicted by the geodetically determined surface deformation (Fig 3). The ridge-top fissures also 
occur in association with ubiquitous landslide complexes that were reactivated by the earthquake to 
produce the largest concentration of coseismic slope failures in the epicentral region. The anoma­ 
lously large displacements and the apparent slope control on the geometry and displacement of 
many coseismic surface ruptures lead us to conclude that gravity is an important driving force in the 
formation of the ridge-top fissures. Shaking-induced gravitational spreading of ridges and downslope 
movement may account for 90% or more of the observed displacements on the linear fissures.

No 0.5 1 km

Figure 3. Observed and predicted 1989 cumulative horizontal displacements across Summit Road ridge and Skyland 
Ridge; stippled pattern indicates region of major ground rupture. Cumulative displacements are calculated by summing 
the horizontal component of the displacement vectors along approximate fault-normal profiles (heavy black lines). 
Measurement localities used for the calculations are shown by numbered circles. Cumulative displacements (thick black 
arrows) and their fault-normal component (grey arrows) should be considered minimum values because displacements 
are not available for every fissure crossed by the profiles. Tectonic extension at the surface (white triangles) along two 
profiles across Skyland Ridge (dashed lines with arrowheads) are calculated from the geodetically modelled uplift of 
Lisowski and others (1990). The fault-normal extension caused by the Lojna Prieta earthquake is at least 35 times greater 
than that predicted by the uplift model, and except for the Laurel Canyon jbrofile, the observed extension direction (N10°E 
to N30°E) is more northerly than extension directions expected from either uplift or right-lateral shear (N40°E to N80°E).
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The formation of similar ground ruptures in the Santa Cruz Mountains and elsewhere near the 
San Andreas fault in 1906 suggests mat this type of ground failure is not dependent on fault 
kinematics and is not unique to the Summit Road-Skyland Ridge area or to the Loma Prieta 
earthquake. At present, we have identified 16 regions along the northern reach of the San Andreas 
fault (Fig. 4) where ridge-top spreading may have occurred as a result of the 1906 earthquake, and 
where similar types of deformation may occur during future large earthquakes. Ridge-top faulting 
associated with earthquakes in Chile, Alaska, and southern California suggest mat ground ruptures 
associated with collapse of topography may be common in regions of severe shaking and may 
represent a more widespread seismic hazard man previously realized.

Figure 4. Map of northern region of the San Andreas fault system showing areas (squares) where extensional off-fault 
surface ruptures, probably resulting from ridge-top spreading, occurred as a result of the 1906 San Francisco earth­ 
quake. These areas may be susceptible to further deformation during future large earthquakes in the region.

Reports

Ponti, D.J., 1990, Off-fault surface fractures produced by the 1989 Loma Prieta, California, earthquake: a 
significant hazard for the Santa Cruz Mountains: Geological Society of America Abstracts with Programs, 
v. 22, n. 7, p. A187.

Ponti, D.J., Lajoie, K.R., and Powell, C.L. II, 1990, Upper Pleistocene marine terraces in San Pedro, southwest­ 
ern Los Angeles basin, California: implications for aminostratigraphy and coastal uplift: Geological 
Society of America Abstracts with Programs, v. 23, n. 2, p. 89.

Ponti, D.J., and Wells, R.E., 1991, Off-fault ground ruptures in the Santa Cruz Mountains, California: Ridge- 
top spreading versus tectonic extension during the 1989 Loma Prieta earthquake: Bulletin of the 
Seismological Society of America, v. 81, n. 5, p. 1480-1510.

Ponti, D.J., 1991, The search for surface faulting associated with the Sierra Madre earthquake of 28 June 1991: 
Internal memorandum to the Branch of Engineering Seismology and Geology, 4 p.
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ANALYSIS OF CENOZOIC DEFORMATION, SOUTHWEST WASHINGTON, 
USING A REGIONAL NETWORK OF SEISMIC REFLECTION DATA

9450-10091

Christopher J. Potter 
Branch of Sedimentary Processes

U.S. Geological Survey
Denver Federal Center, MS 939

Denver, CO 80225-0046
(303) 236-3282

Investigations.

This investigation involves analysis of an extensive network of previously unpublished oil- 
industry seismic reflection lines, combined with surface geology, to examine faults and 
deformation styles in the Coast Range of southwest Washington. The three principal goals are: (1) 
documentation of structures in the upper 10 kilometers of the crust that bear on the Cenozoic 
tectonic evolution of this forearc region; (2) analysis of structures that influence the development of 
Cenozoic basins such as the Grays Harbor basin; (3) identification of Neogene faults along which 
recurrent movement might be anticipated. All of these goals bear on an enhanced understanding of 
the geologic framework for seismicity in the Puget lowland and environs.

The Weyerhaeuser Corporation has granted the investigator permission to examine about 
230 kilometers of seismic reflection data in southwest Washington (collected as part of a joint 
venture between Weyerhaeuser and Amoco in the early 1980s), and to incorporate these data into 
our studies, with limited publication rights. These seismic lines (fig. 1) cross Eocene basaltic 
basement (Crescent Formation and equivalents) and Eocene through Miocene marine sedimentary 
rocks of the Grays Harbor Basin. They provide three-dimensional control on structures that 
evolved through most of Cenozoic time in the southwest Washington forearc region. The 
southwest Washington Coast Range is characterized by scattered shallow present-day seismicity, 
and is immediately west of the more seismically active Puget lowland; for this reason the present 
study is more applicable to the overall regional context for western Washington seismicity than it is 
to specific seismogenic zones.

Interpretations of seismic reflection lines in this study have mainly involved the correlation 
of reflection patterns with outcrop patterns shown on existing geologic maps (Tabor and Cady, 
1978; Walsh et al., 1987; Logan, 1987,1987a). Folding and faulting have produced appreciable 
dips on the Eocene through middle Miocene strata, so that each marker horizon can be traced from 
outcrops into dipping reflection patterns at several places in the study area. This approach is being 
augmented by field-checking of critical relationships. Subsurface and surface data are being 
compiled using a seismic-interpretation workstation, and conventional structural interpretation 
techniques are being applied to the reflection data.

The data are of sufficient quality to resolve structures throughout the Cenozoic sedimentary 
section. Areally extensive Columbia Fiver basalt flows (Grande Ronde basalt, -14-15 Ma; 
Pomona Member of the Saddle Mountain basalt, -12 Ma) )roduce strong, distinctive reflections 
and form resistant outcrops, thus facilitating surface-to-su >surface correlations. The broken, 
discontinuous reflection pattern at the top of the Eocene basaltic basement (Crescent Formation) is 
also distinctive for purposes of seismic interpretation. Some of the faults clearly involve the 
Crescent Formation. The youngest rocks imaged on the se: smic data are late Miocene in age; in 
many places, these are involved in the deformation, as discussed below.

Results.

Interpretations of reflection patterns in two areas are summarized below:
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(1) Satsop River drainage

This area (fig. 1, area A) is situated just south of the southeast margin of the Olympic 
Mountains. The seismic lines cross a poorly exposed section of upper Eocene through middle 
Miocene marine sedimentary rocks that are folded into a series of anticlines and synclines; these 
rocks directly overlie the Eocene basaltic basement exposed just to the north, in the Olympic 
Mountains (Tabor and Cady, 1978). The seismic data demonstrate that the basaltic basement and 
the overlying sediments are involved in thrust faulting, tectonic wedging, and folding. North- 
south lines show a south-directed thrusting (fig. 2); an east-west line shows that there is also a 
considerable east-west component of shortening. The middle to late Miocene Montesano 
Formation is the youngest bedrock unit exposed in this area; the seismic data and geologic map 
patterns clearly demonstrate that it is involved in the deformation. At the south end of the line 
depicted in fig. 2, the Crescent Formation has overridden the older (late Eocene through early 
Miocene?) part of the sedimentary section along the northwest margin of the Grays Harbor basin. 
The data suggest that most of this movement occurred prior to middle Miocene time. Reflections 
from the Montesano Formation are clearly folded above this fault-bounded block, indicating that 
significant movement on the fault continued during or after deposition of the 8-12 Ma Montesano 
Formation. Seismic reprocessing may allow more detailed analysis of these reflections, providing 
more precise data on the movement history of such faults.

(2^ Southern part. Gravs Harbor basin.

This part of the basin (B, fig. 1) is bounded by several "basement highs" where the 
Crescent Formation (Eocene basaltic basement) is exposed. The seismic data (e.g., fig. 3) show 
that these exposed blocks of Crescent were uplifted along north- and east-dipping (south- and 
west-directed) thrusts and reverse faults, and faults of similar style and orientation produced 
numerous offsets in the top of the Crescent beneath the basin. These faults and related folds 
propagated up through the sedimentary section, affecting the youngest bedrock units (Saddle 
Mountain basalt, Montesano Formation). The amount of shortening appears to decrease upsection 
within the middle to upper Miocene strata, implying that these faults were intermittently active 
through this time interval. The seismic lines cross a fault zone that may be the westward 
continuation of the Doty Fault, a major east-west fault that bounds one of the large exposures of 
the Crescent Formation; the reflection patterns demonstrate that this fault zone consists of several 
south-directed thrust splays, above which the Miocene section is folded.

In summary, the dominant structures in and around the Grays Harbor basin, southwest 
Washington, record complex contractional deformation, with a north-south to northeast-southwest 
shortening direction. These structures were active in middle Miocene time, and activity continued 
through late Miocene time. The seismic and outcrop data provide no younger age limit on 
movement on these faults. The inferred Miocene strain patterns are consistent with the present-day 
strain field, as deduced from studies of the St. Helens seismic zone and the Seattle-Bremerton 
fault This suggests that a similar strain regime (regionally distributed as well as localized dextral 
motion caused by oblique plate convergence) has characterized western Washington from the 
Miocene to the present
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Figure 1. Geologic setting of the seismic reflection lines, southwest Washington. 
Black areas, exposures of Eocene Crescent Formation. GHB, Grays 
Harbor basin (stippled ouline). Black lines within and near Grays Harbor 
basin are seismic lines analyzed in this study. A and B are areas discussed in 
text. S, Seattle. T, Tacoma. MSH, Mt. St Helens.
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NORTHERN SAN ANDREAS FAULT SYSTEM: PALEOSEISMIC 
AND SLIP RATE STUDIES IN NORTHERN AND CENTRAL
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9910-04483
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Menlo Park, CA 94025
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Investigations

1) Investigations of the behavior of the San Andreas fault in the 
Loma Prieta region in 1906. 2) Investigations of the San Andreas 
and related faults in northern and central California to determine 
timing of prehistoric earthquakes and average Quaternary slip rates.

Results

1) Investigations following the Loma Prieta earthquake of October, 
1989, included mapping of ground fractures and study of historical 
archives to compare the effects of the 1906 earthquake in this region 
with the effects of the 1989 earthquake. In this region in 1906, as in 
1989, many large ground cracks opened up in the Summit Road and 
Skyland Ridge areas. Left-lateral offset was documented (off the 
main trace of the San Andreas fault) in 1906 near the Morrell ranch; 
a smaller amount of left-lateral offset occurred on this same fracture 
as a result of the 1989 earthquake. No surface rupture occurred 
along the San Andreas in 1989; careful study of historical documents 
strongly suggests that surface rupture did occur in 1906, though 
none of the reported values of offset i^ reliable. Field work and 
analysis of aerial photographs show a ^outhful, through-going fault 
for this region and trenches in two localities clearly show late 
Holocene surface rupture. These studies indicate that fault behavior 
in 1989 was significantly different than in 1906, suggesting that the 
1989 earthquake may not have occurred on the San Andreas fault.

2) Studies of excavations at two sites are yielding paleoseismic data 
for faults of the San Andreas system in northern and central 
California: 1) on the Carrizo Plain along the San Andreas fault in 
central California, and, 2) along the Maacama fault near Ukiah, CA.
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Site within a third region, the peninsular segment of the San Andreas 
fault, are being evaluated for paleoseismic and slip rate potential.

An excavation across the San Andreas fault on the Carrizo Plain 
in central California has yielded evidence for at least six earthquakes. 
The most recent earthquake is known from historical records to 
have occurred in 1857. This study shows that an earthquake prior to 
1857 occurred after the deposition of a unit with a corrected 
radiocarbon age of 1365 +/- 165 AD. The third event back occurred 
before the deposition of a unit formed in 1190 +/- 80 AD. All six 
events occurred after the deposition of a unit that is about 3000 
years old. These data imply a long recurrence interval for this fault 
segment.

The excavation at the City of Ten Thousand Buddhas, in 
Talmage, near Ukiah, California, exposed a sequence of marsh, fluvial 
and lacustrine deposits overlying a paleosol developed on Pleistocene 
(?) gravel. The Maacama fault, clearly expressed in the older gravels, 
has not caused any brittle deformation of the overlying Late 
Holocene section. The section instead has been warped across the 
fault zone. Relationships indicate that only one warping event has 
occurred. Results of radiocarbon dating suggest that there has been 
an earthquake in the last three to four hundred years, and this is the 
only earthquake to have occurred in the last six to eight hundred 
years.

Four sites with high potential for yielding paleoseismic and 
slip-rate information have been identified along the peninsula 
segment of the San Andreas fault using large-scale color aerial 
photographs. Each site has accumulated sediments in the last few 
thousand years that records the history of late Holocene earthquakes 
on this segment of the San Andreas fault.
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CALIFORNIA EARTHQUAKE STUDIES
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Investigations

1. Loma Prieta Earthquake: Response of regional seismicity to the static stress changes pro­ 
duced by the earthquake

2. Loma Prieta Earthquake: Controlled source experiment for seismic calibration and struc­ 
tural survey

3. Earthquake clustering: Variations in aftershock characteristis in the GARM, USSR region
4. Seismicity patterns: Computer animation for central California

Results

1. Loma Prieta earthquake: stress and seismicity changes (P. Reasenberg and R. Simp- 
son)
Modeled co-seismic static stress changes associated with the Loma Prieta earthquake (see 
separate report in this volume filed by Robert W. Simpson) were compared to the regionally 
observed co-seismic changes in microseismicity rate (M > 1.5). The seismicity rate change, 
defined as the difference in average rates measured during the 10-year pre-seismic and 20- 
month post-seismic intervals, was calculated separately in overlapping 10km square cells in a 
140 by 380 km area, thereby showing the spatial variation of the co-seismic change in seismi­ 
city rate. Areas of increased seismicity rate generally coincide with increases in Coulomb 
failure function, ACFF(u), especially on the S.F. Peninsula near Daly City, on dipping thrusts 
near Los Gatos, along the San Andreas fault southeast of the rupture to Bear Valley, and on 
the Alamo fault. The Hayward fault experienced a decrease in seismicity, especially on its 
southern segment, consistent with the relaxation of stress modeled there for a low friction 
fault. An area of disagreement is an off-shore section of the San Gregorio fault near Pt Ano 
Nuevo, where a modeled strong decrease in stress coincided with a strong increase in seismi­ 
city. The stress change, ACFF(u), modeled for each of 141 fault segments was compared to 
the average change in seismicity rate within 5 km of that segment. The comparison was 
made for various values of friction, |i, between 0 and 1. Best agreement between modeled 
stress changes and observed seismicity rate changes was obtained for low friction faults
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(O.l < n £ 0.3). For n = 0.2, correlation exceeds 0.7, and the null hypothesis of independence of 
stress and seismicity rate is rejected by yf at the 99% level. We conclude that the regional 
response of seismicity to the stress change imposed by the Loma Prieta earthquake is well 
explained by a planar dislocation and linear elastic model of static stress change with a value 
of friction for the regional faults between 0.1 and OL3. This result generally supports the 
interpretation of regional microseismicity changes as indicators of regional strain events, 
detectable where stress changes are as small as a few tenths of a bar, and suggests a possibil­ 
ity of solving for regional strain events (including aseismic slip) by inversion of the 
microseismicity fluctuations.

2. Loma Prieta earthquake: controlled source experiment (D. Eberhart-Phillips)

1) Distributed sites that had portable instruments recording aftershocks during the 1989 aft­ 
ershock sequence and the 1990 teleseismic array experiment were reoccupied. Recordings of 
the shots at these sites as well as at the permanent CAtNET stations provided calibration for 
station corrections used to locate earthquakes. Hence the aftershocks will be relocated more 
precisely. Arrival times from the distributed array are also valuable for obtaining a more pre­ 
cise and more detailed three-dimensional velocity model.

2) A short (25-km) reflection/refraction profile was done across the Zayante, San Andreas and 
Sargent faults in the vicinity of the mainshock epicenter. Analysis of this data will provide a 
refraction velocity model of the upper few km of the crust. Deeper reflectors may show 
important boundaries within the crust and at the base of the crust, as well as showing changes 
in the reflective character near or across fault zones.
3) A long (200-km) refraction profile was done from Marin, along the San Francisco Penin­ 
sula and through the Loma Prieta aftershock zone. The shape of the Moho will be interpreted 
from this profile, in order to evaluate' where focused energy from critical-angle Moho 
reflections was responsible for the strong ground motimn that occurred in San Francisco dur­ 
ing the Loma Prieta earthquake. Note that this project provided the southern shotpoint. For a 
more detailed description of the Marin shotpoint and analysis of the profile, see the separate 
report in this volume filed by R. Catchings.
The experiment was carried out May 20-24, 1991. Several other institutions cooperated in the 
deployments: Stanford University, University of California - Santa Cruz (UCSC), University 
of California - Berkeley (UCB), University of Wisconsin. During the experiment, The Branch 
of Engineering Seismology and Geology deployed GEOS recorders to reoccupy many of the 
same sites that they occupied during the 1989 earthquake sequence. The shots also provided 
sources for an separate array analysis of near surface ground motion effects by Susan 
Schwartz of UCSC. As shown in Figure 1, we used five shots ranging from 500 to 3000 lb., 
and one 10 lb. shot. 175 group recorders were deployed at 150 m spacing along the across- 
fault profile (LP line). The distributed array stations ^occupied 1989 aftershock stations of 
the USGS, UCSC, UCB, and IRIS and 1990 USGS teleseismic array sites. 79 distributed 
sites were reoccupied. At 52 of these horizontal geopho[nes were also deployed to investigate 
shear wave arrivals.
The shots were successful. Energy from the largest sho|t (3000 lb.) was well recorded along 
the entire 200-km fault-parallel profile, with stations throughout an urbanized area. Energy 
from the 1000 lb. shots was recorded out to well over 100 km. Energy from the 10 lb. shot
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was clearly recorded to approximately 5 km. These results show that it is feasible to obtain 
detailed reflection images over the Loma Prieta epicentral region, and further show that it is 
feasible to obtain wide-angle reflection/refraction data in an urbanized area. In particular the 
success of the small shot may indicate an approach for providing sources in an urbanized 
area, where large shots would be culturally prohibited but numerous very small shots would 
be feasible.

Several crustal and mantle reflectors are seen in records from the LP line. Further processing 
and detailed analysis will incorporate these features into a crustal structure model. Prelim­ 
inary data (Figure 2) indicate several crustal reflection zones, including one at about 5-s two- 
way travel-time (twtt) (about 12 km depth) that is bright at wide angles and may represent the 
top of a mafic layer. Perhaps most intriguing is a series of reflectors at about 7 s twtt 
(approx. 18-20 km depth), near the hypocenter of the 1989 Loma Prieta earthquake. Also, an 
apparent high-amplitude reflector is seen in the upper mantle at about 15 s twtt. To clearly 
resolve, map and interpret these zones, an expanded high resolution survey is planned for 
1992.

Records from the distributed temporary deployment and CALNET are currently being timed 
and analyzed. This data will provide important information for earthquake location and 
analysis of crustal structure. Additionally the waveforms may provide more understanding of 
the fault zone properties. Seismograms from shot 6 (Figure 1) which travel through and along 
the fault zone are significantly more complicated, with a long-duration ringing character, com­ 
pared to seismograms from the other large shots.

The arrival times of the calibration shots at CALNET stations have been used to obtain more 
precise aftershock hypocenters, by calculating station corrections for a previously determined 
3D velocity model. Small structures within the shallow seismicity above the mainshock rup­ 
ture will be evaluated to understand the relationship between the aftershocks and the mapped 
faults.

Future work will incorporate the 1991 shot arrival-time data, aftershocks recorded on a distri­ 
buted array deployed for 3 months in 1990, as well as previous data, in an inversion for 
three-dimensional velocity structure. The 3D model will be more detailed and more accurate 
than previously determined models, and will include estimates of Vp/Vs ratio. Prerequisite 
for this work is the playback of the 5-Day tapes from the 1990 array. Due to lack of 5, the 
playback is only about 65% complete. We anticipate obtaining the complete data set by 
March 1992, and having a 3D velocity model by June 1992.

3. Earthquake clustering (R. White and P. Reasenberg)

Omori's law models the decay in time of an aftershock sequence with a power law relation, 
with exponent, p. This model can be applied to microseismicity by combining small clusters 
of earthquakes into a composite sequence. The compositing procedure preserves the interevent 
times of the microclusters so that the power-law model of the composite, with exponent, p* , 
that is obtained can be thought of as representing the average decay properties of the volume 
in which the earthquakes occurred. We explored the seisimicity in the Garm (USSR) region in 
terms of p (for aftershock sequences) and p* (for the remaining microseismicity). The data 
were collected between 1969 and 1985 by the Complex Seismological Expedition of the 
USSR. The Garm region is a geologically complex mountainous thrust belt undergoing active
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deformation and seismicity, and is transected by the Peter I range and fault zone.

We calculated p* using M > 2 earthquakes for selected time periods, and for subareas 
corresponding to geologic and tectonic units. Values of p* obtained for the areas north and 
south of the fault zone are both 1.0 ±0.1. Within the fault zone, p* is anomalously low 
(p* = 0.77 ± 0.05). Six earthquakes (M > 5) have occurred in the Peter I fault zone since 1965, 
within a relatively confined area near Garm. These events mark the end of a 35-year period of 
regional quiescence, during which time no event (M > 3) occurred. The largest of these earth­ 
quakes (M = 5.5) occurred in 1969. Its aftershock sequence underwent the fastest decay 
(p = i.2±0.i) of those studied. The five (M >4.5) earthquakes after 1969 had intermediate 
values of p, ranging from 0.87 to 1.01. The three of these contiguous to the 1969 event 
occurred between 1976 and 1983 with p values decreasing with time.

A possible interpretation is that the Peter I fault zone, Under normal conditions of high stress, 
exhibits a slow decay rate (low p), relative to the surrounding regions. The 1969 earthquake 
may have relaxed the stress in a region surrounding that mainshock, allowing its and subse­ 
quent aftershock sequences to decay more rapidly. The zone of reduced stress extended
beyond the 1969 aftershock zone into adjacent source 
quakes, whose p values also were elevated, but less so 
to higher stress.

regions of subsequent moderate earth- 
with time, suggesting a gradual return

4. California seismicity animation (S. Walter and P. Reasenberg)

Variations in seismicity rate are often characterized in cne of two ways: a) within a fixed area 
the rate of seismicity fluctuates in time; b) within a fi?;ed time interval, the spatial density of 
seismicity varies with position. These descriptions of seismicity variation are but two projec­ 
tions of a four-dimensional point process (not counting magnitude), and, in general, changes 
or gradients simultaneously involving time and positiori can and do occur. Certain classes of 
fluctuation involving both time and position are particularly interesting because they may indi­ 
cate migrations or the presence of time-dependent stresses associated with aseismic strain 
events, or associated with anelastic deformational responses to earthquakes.

We display seismicity (M > l) in central California witfi the use of a computer animation in 
which each frame is a map of the time derivative of tlie local seismicity rate, r(jc, y, t, 50, at 
the point (*, y) and time, t, obtained with a rectangular sliding window of half-width 8r. For 
every frame, r(x,y, r,8/) is calculated separately in 13,300 overlapping 10-km square cells 
covering an area 140 by 380 km, and is displayed as colored pixels with a 12-shade scale (red 
for r > 0, blue for r < 0).

The animation illuminates the space-time history of aftershock sequences quite clearly, and 
reveals apparent migrations and other patterns in a fresh light not seen by us in previous con­ 
ventional seismicity displays. The Coyote Lake, Coalinga, Morgan Hill and Loma Prieta 
earthquake sequences appear to stimulate fairly distant (>150 km) responses in seismicity on 
nearby faults, and the expansion of some of the aftershock zones appears to trigger moderate 
earthquakes in their wake. The animation, which covers about 20 years of data in 1-month 
steps, runs about 1 minute, and is interactive so that ttie viewer can control the frame rate, 
freeze a frame, and reverse time.
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Analysis of Crustal Deformation Along the Southernmost Segment of the San 
Andreas Fault System, Imperial Valley, California: Implications for Earthquake

Prediction

14-08-0001-G1679

R.E. Reilinger
Earth Resources Laboratory

Dept. of Earth, Atmospheric, and Planetary Sciences
Massachusetts Institute of Technology

Cambridge, Massachusetts 02142
(617) 253-7860

INVESTIGATIONS

This project involves using geodetic observations in conjunction with other geophysical and geolog­ 
ical information to investigate contemporary tectonic processes along the southernmost segment of 
the San Andreas fault system. Our primary efforts during the present contract period include:

1. Completing a multi-institutional GPS campaign along an approximately 500 km section of 
the Pacific-North America plate boundary from northeast of Los Angeles, California to the 
Gulf of California, northern Mexico.

2. Continuing analysis and interpretation of 1986 to 1991 GPS measurements in the Imperial 
Valley-Salton Trough with emphasis on temporal and spatial patterns of regional strain ac­ 
cumulation, and strain release associated with the 1987 Superstition Hills earthquakes.

RESULTS

1. From 7 March through 3 April 1991, a consortium of universities, and state and federal 
agencies, undertook an extensive Global Positioning System measurement campaign along a 
475 km section of the Pacific-N. American plate boundary from the Gulf of California, Baja, 
California, Mexico to the Big Bend segment of the San Andreas fault northeast of Los Angeles, 
California (Figure 1). Participating institutions included Caltech, CICESE, L-DGO, M.I.T., 
NGS, Riverside County Flood Control, San Bernardino County Survey, UNAVCO, University 
of Mexico, University of Texas at Dallas, and USGS. A total of 23 Trimble 4000 SST and 4 
Ashtec receivers were used to observe 108 stations. In addition, simultaneous observations 
were made by the Orange County Survey using 8 dual frequency Ashtec receivers (sites not 
shown in Figure 1).

The primary objective of the 1991 STRC GPS campaign was to continue monitoring the 
spatial and temporal distribution of crustal strain along this seismically active segment of 
the plate boundary. Towards this end, most sites observed in the Coachella Valley-Riverside 
County portion of the network have a history of GPS observations dating to 1988, and all sites
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in the Imperial Valley date to 1986. Through cooperation of the San Bernardino County Sur­ 
vey, the network was extended north along the San Andreas fault in western San Bernardino 
County (site selection and coordination directed by Ken Hudnut). In addition, observations 
were made at 4 sites in San Diego County to facilitate ties to GPS observations planned by 
the San Diego County Survey (site information provided by Duncan Agnew, UCSD).

Complete copies of the original field data for the U.S. portion of the 1991 STRC experiment 
(excluding NGS and Orange County) are on file at M.I.T. and the Riverside County Flood 
Control. M.I.T. is converting the data to RINEX format for distribution to all participants 
in the experiment and for archiving at UNAVCO, SCEC, NGS, and NASA CDDIS.

2. We continue to concentrate on reduction, analysis, and interpretation of the 1986-1991 GPS 
observations in collaboration with Caltech, L-DGO, NGS, and U.T. Dallas. Initial results 
from the 1986-1989 observations are reported in 2 papers submitted for publication to JGR. 
Preliminary processing of the 1990 observations by Shawn Larsen at Caltech (Bernese) and 
Richard Bennett at M.I.T. (GAMIT), using broadcast orbits, indicate average day-to-day 
repeatability of less than 4 mm in baseline length. Some improvement is expected with 
inclusion of regional and global fiducial stations and improved satellite orbits.

Figure 2 shows horizontal displacements from 1988 to 1990 based on our preliminary and 
partial 1990 reduction. These measurements give a preliminary deformation rate across the 
Imperial Valley of 4.5 ± 0.4 cm/yr. This rate is less than our previous GPS estimates (1986- 
1988: 5.9 ± 1.0 cm/yr; 1988-1989: 5.2 ± 0.9 cm/yr), and, while higher, is in better agreement 
with conventional geodetic estimates obtained from 15 years of USGS EDM observations of 
the Salton Network (3.69 ± 0.11 cm/yr; Lisowski et al., J. Geophys. Res., 96, 8369-8389, 
1991).

PUBLICATIONS

Gilbert, L. E., S. Larsen, R. E. Reilinger, J. Beavan, K. Hudnut, B. Young, W. Strange, A Compar­ 
ison of STRC90 and STRC91 Campaign Results: Strain in the Coachella Valley, Southeastern 
California, Eos, Trans. Am. Geophys. Union, 72, 117, 1991 (abstract).

Larsen, S. C., R. E. Reilinger, H. Neugebauer, and W. Strange, GPS Measurements of Deformation 
Associated with the 1987 Superstition Hills Earthquake, Imperial Valley, California: Evidence 
for Conjugate Faulting, Seismological Research Letters, 62, 34, 1991 (abstract).

Larsen, S., and R. Reilinger, Age constraints for the Present Fault Configuration in the Impe­ 
rial Valley, California: Evidence for Northwestward Propagation of the Gulf of California Rift 
System, J. Geophys. Res., 96 10,339-10,346, 1991.

Larsen, S., R. Reilinger, H. Neugebauer, and W. Strange, GPS Measurements of Deformation As­ 
sociated with the 1987 Superstition Hills Earthquakes, Imperial Valley, California, J. Geophys. 
Res., submitted, 1991.

Larsen, S., and R. Reilinger, GPS Measurements of Strain Accumulation Across the Imperial Valley, 
California: 1986-1989, J. Geophys. Res., submitted, 1991.
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Figure 1. GPS sites observed during the 1991 Salton Trough-Riverside County 
(STRC) campaign ( ). Triangles show mobil^ VLBI stations.

33.5

Horizontal 
Displacement

1988 - 1990

-116.5 -116 -115.5 -115

Figure 2. Preliminary GPS horizontal station displacements from 1988-1990. Only 
part of the 1990 data have been included (provided by Shawn Larsen).
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CONODONT STUDIES IN THE NEW MADRID SEISMIC ZONE

9590-04553

John E. Repetski and David J. Weary
Branch of Paleontology and Stratigraphy

U.S. Geological Survey
970 National Center

Reston, Virginia 22092
(703) 648-5486

Investigations

The goals of this project are to document and clarify the age, 
correlations, and stratigraphic relations of latest Cambrian to 
Middle Ordovician strata in the Reelfoot Rift and related areas by 
means of study of the microfossils conodonts from available 
subsurface materials and pertinent outcrops. The resulting 
biostratigraphic framework from this study will improve 
significantly our knowledge of details of timing and magnitude of 
tectono-sedimentary pulses in this seismically active graben area.

Sample material (cuttings and core) from three key available 
drillholes within the Reelfoot Rift was acquired and processed for 
conodonts and other microfossils. Core samples were obtained from 
a well currently being drilled in west-central Tennessee, on the 
Paleozoic carbonate platform adjacent to the rift graben. Samples 
from key stratigraphic units exposed in outcrop in northeastern 
Arkansas, immediately west of the graben, were also obtained and 
examined. Additionally, surface and subsurface conodont data from 
within and adjacent to the Southern Oklahoma Aulacogen, a rift 
structure related to the Reelfoot Rift, were examined and analyzed.

Fiscal year 1991 was dedicated mainly to sample acquisition 
and processing. Preliminary analysis of the data as it was 
generated, however, allowed some time lines to be established in 
the seismic zone and pointed to areas of needed additional work.
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Results

1. Dow Chemical #7 Wilson drillhole.

The Dow Chemical #1 Wilson well, Mississippi County, 
Arkansas, is situated just east of the axis; of the Reelfoot rift; 
therefore any stratigraphic control gleaned from this well has 
important bearing on interpretations within the rift graben. One 
hundred fifty-three samples from the Paleozoic interval in the Dow 
Wilson well were processed for conodonts and other acid-resistant 
microfossils. These samples are splits from the recovered cuttings, 
and each is representative of 60 feet stratigraphically. The samples 
were rather small, which is, however, common for samples of
cuttings, and ranged from about 200 grams to about 500 g.

Conodonts and/or phosphatic brachiopods were recovered from 
approximately half of the samples from the Wilson well. 
Preliminary faunal examination and analysis indicate that the 
highest dated interval in the Paleozoic section is Ordovician, most 
likely near the top of the Lower Ordovician Ibexian Series. The
entire Ibexian appears to be represented in 
the Ordovician is within the 8000 to 9000

the section, 
ft interval.

The base of 
Phosphatic

brachiopods (being identified by A.R. Palmer, Boulder, CO) will be 
instrumental in determining the lowest Cambrian level within the 
sampled interval.

2. Dow Chemical #7 Garrigan drillhole.

The Dow Garrigan well, also in Mississippi Co., AR, is located 
axially in the Reelfoot rift. It also is astride the seismically active 
zone corresponding with the uplifted structure within the rift that 
was termed the Blytheville arch (Hamilton and McKeown, 1988, 
Seismological Research Letters, v. 59, no. 4, p. 117-121). One 
hundred twenty-six samples, each again representing 60 ft 
intervals, were obtained for conodont search. Sample sizes for the 
Garrigan well generally were smaller than for the Wilson well; the 
range was from 100 g to 700 g, but most were only about 200 to 300 
g. Lithology in the Garrigan well also contrasted greatly with that 
in the Wilson well; the Garrigan samples were dominantly 
siliciclastic, with quite low carbonate content. Thus, standard 
acetic and formic acid treatment produced rather incomplete 
breakdown of most samples.
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Processing of the Garrigan samples was nearly complete as of 
the end of FY91, and faunal analysis is thus preliminary and 
incomplete. It is clear, however, that the Cambrian part of the 
section extends much higher in the Garrigan well than in the Wilson 
well. In the former, strata at 4000 ft still are Cambrian, whereas in 
the latter the top of the Cambrian is at 8000 to 9000 ft. Revision of 
both lithic and chronologic correlations between these two wells 
will follow from the biostratigraphic data generated from these 
samples. The microfossil study of both the Garrigan and Wilson 
wells is being integrated with analysis of new sedimentologic and 
trilobite data being conducted by D.S. Collins and M.E. Taylor (USGS, 
Golden and Denver), and A.R. Palmer (Boulder, CO).

3. USGS Fort Pillow well.

The USGS Fort Pillow well (Moore and Brown, 1969, Tennessee 
Division of Geology, Report of Investigations No. 26), a water 
resources test well, was drilled in southwestern Lauderdale County, 
Tennessee, immediately east of the Mississippi River, and very near 
the eastern edge of the boundary of the Reelfoot rift, or New Madrid 
seimic zone. This well penetrated about 40 feet of Paleozoic 
carbonate rocks immediately beneath Cretaceous strata. Core was 
cut for 34 ft of this limestone, and about 20 one-foot intervals from 
this cored interval were sampled for conodonts.

The conodonts clearly indicate that this uppermost Paleozoic 
unit in the Fort Pillow well is assignable to the upper Lower 
Ordovician (upper Ibexian) Oepikodus communis Biozone. The age of 
this interval indicates close correlation with the highest Ordovician 
strata in the Dow Wilson well. Both age and lithology of this Fort 
Pillow limestone interval are closely correlative with the Black 
Rock Limestone Member of the Smithville Formation, the highest 
Lower Ordovician formation of the northern Arkansas carbonate 
platform, as exposed immediately west of the Mississippi 
Embayment sediment cover. Species-level faunal content of the Fort 
Pillow samples indicates that anomalously cooler and/or deeper 
water conditions than were typical for most of the Early and Middle 
Ordovician for this part of North America were present during the O. 
communis Zone in this immediate region. Further sampling in the 
region may allow detailed paleogeographic reconstruction of this 
part of the contnental margin during this time interval.
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4. DuPont test well and northeastern Arkansas outcrop belt

Sampling from the Paleozoic carbonate platform sequences 
both east and west of the Reelfoot rift was initiated for 
establishment of correlations from these "stable" platforms into the 
rift basin. The E.I. Dupont de Nemours Company allowed sampling 
from the continuous core that they are drilling through the Paleozoic 
sequence in Humphreys County, Tennessee. Thus far, 47 intervals, 
including levels bracketing all formation boundaries from Devonian 
down to the base of the Middle Ordovician Wells Creek Formation, 
have been sampled, processed, and are now ready for conodont 
analysis. This well represents the only continuous sampling through 
this entire interval for a radius of 100 to 200 miles, and therefore 
data from it will be extremely valuable for the entire region.

Surface outcrop sampling from the Smithville Formation and
especially its Black Rock Limestone Mermer has been completed at 
several measured sections in northeastern Arkansas, including the 
Black Rock type section. Faunal analysis has begun; thus far, it is 
obvious that the Black Rock Member fauna contrasts strongly with 
the faunas found in the strata both immediately above and below. 
Anomalous local or regional invasion of cooler and/or deeper water 
may be correlated with eustatic sealevel change or with tectonic 
activity during this time interval.

5. Allied Cambrian and Ordovician studies in Oklahoma.

Upper Cambrian and Lower Ordovibian strata in southern 
Oklahoma exceed 7000 feet in thickness in the Southern Oklahoma 
Aulacogen (SOA), a rift structure that probably was temporally 
related to the Reelfoot Rift, and therefore reflecting related 
tectono-stratigraphic histories. Unlike the Reelfoot Rift, data is 
much more available from the SOA because of the more extensive 
drilling within that region and because outcrop sections are exposed 
in the Arbuckle and Wichita Mountains.

Conodont data from existing and newly-acquired collections 
were used to compile and refine the biostratigraphic framework in 
the SOA, in conjunction with all other available fossil groups. This 
was a cooperative effort involving many of the 
paleontologists/biostratigraphers active ih Cambrian and Ordovician 
of the southern Midcontinent. The resulting framework is the most 
complete available for the entire central U.S.; it will stand as an
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important reference for Cambrian and Ordovician studies. It will be 
a critical reference for studies related to the Reelfoot Rift and the 
adjacent Paleozoic carbonate platforms and basins.

Reports

Ethington, R.L., and Repetski, J.E., 1990, Early Ordovician conodont 
biofacies and zonation(s) in central and western United States 
[abs.]: Geological Society of America, Abstracts with Programs 
for 1990, South-Central Section Meeting, v. 22, no. 1, p. 6.

Pitman, J.K., Burruss, R.C., Dyman, T.S., Flores, R.M., Hatch, J.R., 
Henry, M., Keighin, C.W., Perry, W.J., Jr., Pollastro, R.M., 
Repetski, J.E., Reynolds, R.L., Rice, D.D., Robbins, R.L, and 
Schmoker, J.M., 1990, Geologic history of the Anadarko basin, 
western Oklahoma, north Texas panhandle, and southwestern 
Kansas [abs.]: American Association of Petroleum Geologists, 
Annual Convention, 3-6 June, 1990, San Francisco, CA; 
Bulletin, v. 74/5, p. 241.

Derby, J.R., Bauer, J.A., Creath, W.B., Dresbach, R.I., Ethington, R.L., 
Loch, J.D., Stitt, J.H., McHargue, T.R., Miller, J.F., Miller, M.A., 
Repetski, J.E., Sweet, W.C., Taylor, J.F., and Williams, Mark, 
1991, Biostratigraphy of the Timbered Hills, Arbuckle, and 
Simpson Groups, Cambrian and Ordovician, Oklahoma: A review 
of tools and techniques available to the explorationist: 
Oklahoma Geological Survey, Circular 92, p. 15-41.

Taylor, M.E., Collins, D.S., Palmer, A.R., and Repetski, J.E., 1991,
Upper Cambrian biostratigraphic correlations in the Reelfoot 
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Dating of Earthquakes and Determination of the Slip Rate for the 
Superstition Mountain Strand of the San Jacinto Fault, Southern

California

14-08-0001-G1669

Thomas Rockwell
Larry Gurrola

Dept. of Geological Sciences
San Diego State Uniyersity

San Diego, CA 92182
(619) 594-44411

Objective: The primary purposes of this s|tudy are to resolve the slip 
rate and determine the timing of earthquakes of the Superstition 
Mountain strand of the San Jacinto fault zone in southern California. 
These data will further our knowledge of how slip is distributed in 
the southern San Andreas fault system in an area of high heat flow. 
It will also provide information on the likelyhood of future 
earthquakes on one of the few strands of the southern San Jacinto 
fault that has not broken historically.

Results: We have located and excavated trenches across the 
Superstition Mountain fault at the shoreline of Lake Cahuilla 
northwest of Superstition Mountain. The work has just begun this 
Fall due to the high daily temperatures during the summer months, 
so results presented here should be considered preliminary.

It is clear from our existing exposures that the fault has 
repeatedly ruptured the lacustrine deposits at our site. The fault 
zone is about 4 m wide, and one strand 0r splay appears to have 
broken only once and is overlain by undjsrupted lacustrine strata. 
The primary fault exhibits evidence for multiple ruptures, as 
indicated by a complex rupture zone, upward truncation of fault 
splays, and increasing folding or tilting with depth. Detrital charcoal 
is present within the lacustrine deposits and it is anticipated that 
dating of these ruptures will be possible.

We have not yet excavated the fault 
deposits associated with the last high stand
this time it is not clear how recently the l rault has broken the surface. 
The chronology of late Holocene lake highstands has been fairly well
documented by Kerry Sieh and his group,

into the beach bar
of Lake Cahuilla, so at

and it is anticipated that
their chronology will be very useful in he ping to resolve the 
shoreline chronology at the Superstition Mountain site.
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FLUID PRESSURE AND EARTHQUAKE GENERATION

9960-04451

Evelyn Roeloffs, Eddie G. Quilty 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS 977

Menlo Park, CA 94025
(415)329-4093

Investigations:
1. The project carried out real-time monitoring and processing of water level data 
from Parkfield, California, as part of the Parkfield Earthquake Prediction Experi­ 
ment. Water level data are processed in real time to remove tidal and barometric 
fluctuations, and the processed data are automatically screened for anomalous sig­ 
nals.

2. Research is carried out on the utility of water wells in earthquake prediction 
experiments.

Results:

1. In cooperation with the USGS Water Resources Division, water level data from 
a network of 11 sites near Parkfield, California, were collected throughout the 
reporting period. Water level data were also collected from two sites in the 
Mojave Desert. Site locations are shown in Figures la and Ib, and raw water 
level, barometric pressure, and rainfall data are shown in Figures 2a-d.

In the Middle Mountain (MM) well near Parkfield, water level changes associated 
with fault creep on the San Andreas fault continue to be observed, as they have 
been at this site since recording there began in 1987 (Roeloffs et al., 1989).

2. Investigation of a possible water level precursor to the 1985 Kettleman Hills, 
California, earthquake was completed. Two of the four wells monitored near 
Parkfield during 1985 showed water level rises beginning three days before the Mw 
6.1 Kettleman Hills earthquake. In one of these wells, the 3.0 cm rise was nearly 
unique in five years of water level data. However, in the other well, which showed 
a 3.8 cm rise, many other changes of comparable size have been observed. We 
evaluated the effect of partial aquifer confinement on the ability of the four wells 
to display water level changes in response to aquifer strain, and found that both 
of the two wells that did not display pre-earthquake rises tap partially confined 
aquifers that cannot sustain pressure changes due to tectonic strain having periods 
longer than several days. Although the vertical hydraulic diffusivities cannot be 
determined uniquely, we can find a value of diffusivity for each site that is con­ 
sistent with the site's tidal and barometric responses as well as with the rate of 
partial recovery of the coseismic water level drops. Furthermore, the diffusivity 
for one well is high enough to explain why the preseismic rise could not have been 
detected there. For the other well in which the preseismic signal was not 
observed, the diffusivity is high enough to have reduced the size of the preseismic 
signal as much as 50%, although it should still have been detectable. This
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analysis cannot explain the persistent parts of the water level changes in the two 
partially confined aquifers, but does show that those portions of the persistent 
post-seismic changes cannot have been due to volume strain. The pre-earthquake 
water level rises may have been precursors to the Kettleman Hills earthquake. If 
so, they probably were not caused by accelerating slip over the part of the fault 
plane that ruptured in that earthquake because they are of opposite sign to the 
observed coseismic water level drops.

Reports:
Quilty, E.G., and E. Roeloffs, "Removal of barometric pressure effects from water 
level data", /. Geophys. Res., 96, 10209-110218, 1991.

Roeloffs, E., and E.G. Quilty, "Water level changes preceding and following the 
August 4, 1985 Kettleman Hills, California, earthquake", in review.

580



II

36*10'

36*

35*50'

120*40' 120*30'

BV.BS

120*20'

120*40'

TF

120*30' 120*20'

36* 1 0'

36*

35*50'

Figure 1. (a) Map showing water wells near Parkfield California, monitored as 
part of the Parkfield Earthquake Prediction Experiment.
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Figure 1. (b) Map showing wells HV and CJ near the Mojave segment of the San 
Andreas fault.
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Figure 2. (a) Water level, barometric pressure, and rainfall records. Hourly values 
are plotted for water level and barometric pressure. Water level is in centimeters 
above an arbitrary datum. Barometric pressure is in centimeters of water with 
respect to an arbitrary datum. Bars indicate total rainfall in a 24 hour period. 
Site names are indicated at right.
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Figure 2. (b) Water level records plotted as in Figure !2(a).
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Figure 2. (c) Water level records plotted as in Figure 2(a).

585



II

20-NOV-91 13:12:44

274 299 324 349 9 34 59 84 109 134 159 184 209 234 259
yrr T T j T T i-rp, ,,,,,,, ( ,,,, | I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I ' ' ' ' I

1
NOV

1
JAN 
1991

1 
MAR

.. j..... .i
1 

MAY

. . J 

1 

JUL

1 
SEP

30 cm h2o 

PHV

30 cm h2o 

CJ

586



II

Determination of the Recurrence Interval 
for Large Earthquakes in the

New Madrid Seismic Zone 
Using Paleomagnetic Methods

14-08-0001-G1929

Stephen L. Salyards
Geophysics Program, Dept. 3D

New Mexico State University
Las Cruces, NM 88003

(505)646-1310

Investigations:

This project uses paleomagnetics to address two questions concerning the 
recurrence interval of large earthquakes in the New Madrid Seismic Zone:

1) Do deposits of liquefied sand record the magnetic field direction of 1811 -1812, 
or do some deposits show a clearly different direction?

2) Can secular variation magnetostratigraphy be used to date sediments 
between earthquakes to determine the recurrence interval between large events 
and to match the magnetic direction of prehistoric liquefaction deposits to date 
them.

To address these questions over 600 paleomagnetic samples have been 
collected from sites in southeastern Missouri and northeastern Arkansas. 
Numerous liquefaction deposits from 1811-1812 have been sampled and the 
quality of their paleomagnetic directions vary markedly. To provide the highest 
probability of success in correlating and dating prehistoric liquefaction deposits it 
will be advantageous to understand the reasons for the paleomagnetic 
differences between the deposits. To obtain this understanding detailed 
sedimentological and rock magnetic studies are being carried out to characterize 
differences between the sediments.

In the study of the magnetic secular variation in the New Madrid seismic 
zone a preliminary magnetpstratigraphic profile has been constructed based upon 
sediments at one site. Additional samples have been collected from near-by sites 
to test for reproducibility and to correlate the magnetic directions with radiocarbon 
dates from other workers.

Results:

The magnetic directions from a site four miles north of Blytheville 
demonstrate the most interesting present results (Figure 1). Each equal-area plot 
is from a different liquefied deposit: A and B from sand erupted onto the ground 
surface in different events, and C from injected sand in a sand dike that did not 
erupt through to the surface. It is significant that the samples from the latest sand 
deposit (A) have a good clustering and include the magnetic direction measured 
in St. Louis in 1819. The sand deposit immediately underlying it (B) has greater
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scatter and the dike (C) the most scatter. However, all of the groups include the 
historic magnetic field direction.

In an effort to understand these differences each sample was analyzed for 
grain-size distribution and magnetic carrier behavior. The grain-size distribution 
of the two erupted sands were statistically indist nguishable and had a mean of 
the median grain size of 0.17 mm for A and 0.1(5 mm for B. The mean median 
grain-size of the dike is significantly larger at 0.25 mm. These grain-size 
differences are not reflected in the measured magnetic grain-size spectra. The 
spectra were identical across all of the groups.

The correct interpretation of these results is still not clear, however we 
presently interpret these results as a reflection of the turbulence of the 
liquefaction and deposition process. In particular, the degraded quality of the 
lower erupted sand is a surprise and the differences with the upper sand can not 
be explained by sedimentological or rock magnetic differences. Differences in 
the turbulent forces in the two events, or more probably, reliquefaction in the later 
event are probably responsible.

Papers Presented:

Salyards, S. L, Paleomagnetics of liquefied sands from the 1811-1812 New 
Madrid earthquakes, Meeting of the Eastern Section of the Seismological Society 
of America, Oct. 13-16,1991, Memphis, Tenn.

Salyards, S. L., Quality of the magnetic direction of liquefied sands from the 
1811-1812 New Madrid earthquakes, National Meeting of the Geological Society 
of America, Oct. 21-24,1991, San Diego, Calif.

588



II

D- 3°. I- 66.9° 
VGP: 73.5N, 83.6W 
K- 129.2. 095- 5.4« 
N-6

Sandblow 2

0- 359.3°, I- 73.4' 
VGP: 66.8N, 90.9W 
K- 15.1. ctjj- 16.2" 
N-6

I I

D- 12.8°. I- 63* 
VGP: 77.1N, 45W 
K- 10.2. a,5- 19.9' 
N-6

I I

Figure 1
Equal-area plots of sample magnetic directions from an upper erupted sand (A), a 
lower erupted sand (B), and an injected sand dike (C) at the same site. The filled 
circles are the sample directions, ovals are the Fisher 95% confidence region 
about the mean direction, and the triangle is the magnetic direction measured in 
St. Louis, Mo., in 1819.
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Quaternary Tephrochronology in the Western Region in Support 
of Earthquake Hazards Reduction Studies

9540-70020

Tephrochronology Project (Western Region)
Andrei Sarna-Wojcicki, Charles Meyer, and Elmira Wan

Branch of Western Regional Geology
345 Middlefield Road, MS 975
Menlo Park, California 94025

(Com) 415-3294930
(FTS) 459-4930 

Investigations

The Tephrochronology project provides stratigraphic correlation and age control to
studies of active faults and neotectonics in the Western Re gion by means of chemical 
analysis and numerical age dating of tephra (volcanic asi and tuff layers). Currently 
ongoing studies are with:

1. Michael Rymer (BESG, Menlo) on the geologic structure, transpression, and neotectonics 
of the San Andreas Fault in the Salton Trough, California, using the Bishop ash bed as a 
chronostratigraphic marker.

2. Ray Wells and John Hillhouse (BWRG, Menlo), and Wayne Thatcher (BTTP, Menlo), on 
Plio-Pleistocene rotations across the San Andreas Fault System and paleomagnetic 
constraints on inelastic strain accumulation within the central Coast Ranges of California.

3. Eldridge Moores, Randy Southard, Jeff Unruh, and Lewis Munk (Univ. of California, 
Davis; USGS EQHRP contract), on kinematics of Quaternary blind thrusting in the 
southwestern Sacramento Valley of California.

4. Marith Reheis (BCRG, Denver) and Janet Slate (Univ. of Colorado, Boulder), on Neogene
displacement of the Fish Lake Valley Fault Zone, the northern extension of the Furnace
Creek Fault Zone in eastern California and western Nevada, and late Neogene tectonics of 
Fish Lake Valley.

5. John Bell (Nevada Bureau of Mines and Geology, Renp, NV), on the seismicity and active 
faulting in the Walker Lane seismic gap region of central Nevada.

6. Richard Madole (GRA, Denver), on the age and paleoseismic significance of the Ribbon 
Cliff landslide of the Columbia River, central Washington, as it relates to the location of 
the epicenter of the North Cascade earthquake of December 14, 1872.

7. Gary Mann (BPMG, Menlo), on the age of morphologically young fault scarps within the 
Wallawa Fault Zone, southeastern Washington.

We are also conducting smaller service-work studies for:

8. Ed Helley and Dennis Sorg (BWRG, Menlo) on tephra present in the Santa Clara Formation 
near the Silver Creek Fault, San Jose, Calif.

9. Dave Wagner (CDMG, Pleasantly), on tephra offset by the Hayward Fault, Pinole, Calif.

10. John Whitney (CRG, Denver) and Larry Anderson (U.S. Bureau of Reclamation, Denver) 
on the Frenchman Mountain Fault Zone, near Las Vegas, Nev.
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Results (refer to corresponding numbers, above)

1. We have identified the ca. 740,000-yr Bishop ash bed from numerous outcrops 
in the Indio and Mecca Hills in the Salton Trough of California by a combination of 
chemical analysis of the volcanic glass and paloemagnetic orientation. This ash bed 
provides a marker horizon for determining the structure of mid- to late Quaternary 
deposits in this area, and for the determination of rates of displacement and deformation. 
See report by M. Rymer, this volume.

2. The ca. 6 Ma Roblar tuff is present in each of the major crustal blocks offset by 
the San Andreas Fault System in central California, as determined by chemical analysis 
of the volcanic glass present in the tuff. Because it is a single emplacement unit 
deposited during a short interval of time, it provides a unique strain gauge from which 
we can determine if tectonic rotations have occurred on individual blocks within the 
fault system (see report by Wells and others, this volume). New data and a 
recalculation of offset rates across the San Andreas Fault System using the Roblar Tuff as 
a strain gauge provide the following displacement rates (Sarna-Wojcicki, 1991, see 
below):

Fault Displacement (km) Rate (cm/yr)

N. San Andreas (main trace) 228 ±13 3.8 ±0.2
Hayward-Rodgers Cr. + Tolay 68 ±13 1.1 ±0.2
Tolay (inactive) (40 ±10) (0.7 ±0.2)
Hayward-Rodgers Cr. (active) (28 ±3) (0.5 ±0.04)
Concord-Sunol-Calaveras 13 ±7 0.2 ±0.1

N. San Andreas Fault System (total) 308 ±18 5.1 ±0.3

3. Moores and others are attempting to determine the timing and geometry of 
deformation on a system of "blind" thrust faults, some of which are now exposed by 
uplift and erosion along the eastern side of the central Coast Ranges. Tephra studies have 
identified the 400,000 Rockland ash bed, which provide important age constraints to the 
study. See report by Moores and others, this volume.

4(a). Estimates of vertical and lateral slip on the Fish Lake Valley Fault Zone 
indicate that vertical slip increased in late Quaternary time. Slip during post-late 
Miocene time until eruption of the Bishop ash bed is estimated to be about 0.05 to 0.2 
mm/yr, accelerating to between 0.3 to 0.7 mm/yr after the eruption (Reheis and 
McKee, see below).

4(b). The late Cenozoic section at Willow Wash, in west-central California, is a 
tephrochronologic rosetta stone of over 50 tephra layers in a continuous stratigraphic 
sequence that spans an age range from about 11 Ma until 0.74 Ma. Volcanic glass from 
most of these layers has now been analyzed, and about 8 layers have been correlated to 
sites where numerical age for the correlated layers is present. The age of the 
remaining, uncorrelated tephra layers can now be broadly bracketed, increasing the 
utility of all 50 tephra layers in providing age control to tectonic reconstructions or 
other geologic studies (Reheis and others, see below).
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Reports (funded wholly or in part by EQHRP)

Haeussler, P.J., Wells, R.E., Hillhouse, J.W., Sarna-Wojcicki, A.M., and Thatcher, W, 
1991, Are there vertical axis rotations in the San Francisco Bay Region? 
Implications from paleomagnetic studies: EOS, Transactions, American Geophysical 
Union, v. 72, p. 125.

Meyer, C.E., Sarna-Wojcicki, A.M., Hillhouse, J.W., Woodward, M.J., Slate, J.L., and 
Sorg, D.H., 1991, Fission-track age (400,000 yr) Of the Rockland Tephra, based 
on inclusion of zircon grains lacking fossil fission tracks: Quaternary Research, v. 
35, p. 367-381.

Reheis, M.C., and McKee, E.H., 1991, Late Cenozoic history of slip on the Fish Lake Valley 
Fault Zone, Nevada and California: in Reheis, M.C., and others, Late Cenozoic 
stratigraphy and tectonics of Fish Lake Valley, Nevada and California-road log and 
contributions to the field trip guidebook, 1991, Pacific Cell, Friends of the 
Pleistocene: U.S. Geological Survey Open-File Report 91-290, p. 26-45.

Reheis, M.C., Sarna-Wojcicki, A.M., Burbank, D.M., and Meyer, C.E., 1991, The Late 
Cenozoic section at Willow Wash, west-central California-A tephrochronologic 
Rosetta Stone: in Reheis, M.C., and others, Late Cenozoic stratigraphy and tectonics 
of Fish Lake Valley, Nevada and California-road log and contributions to the field 
trip guidebook, 1991, Pacific Cell, Friends of the Pleistocene: U.S. Geological 
Survey Open-File Report 91-290, p. 46-66.

Reheis, M.C., Slate, J.L., Sawyer, T.L., Sarna-Wojcicki, A.M., Harden, J.W., Pendall, 
Elise, Gillespie, A.R., and Burbank, D.M., 1991, Pacific Cell, Friends of the 
Pleistocene Guidebook for Field Trip to Fish Lake Valley, California-Nevada, U.S. 
Geological Survey Open-File Report (in part), 184 p.

Rieck, H.J., Sarna-Wojcicki, A.M., Meyer, C.E., and Adam, D.P., in press,
Magnetostratigraphy and tephrochronology of upper Pliocene to Holocene lake 
sediments at Tulelake, Siskiyou and Modoc Counties, northern California. Geological 
Society of America. Accepted.

Rymer, M.J., 1991, The Bishop ash bed in the Mecca Hflls, in Walowender, M.J., and 
Hannon, B.B., eds., Geologic Structure, Transpression, and Neotectonics of the San 
Andreas Fault in the Salton Trough, California, Parf 2, Geological Excursions in 
Southern California and Mexico: Guidebook for the 1991 Annual Meeting of the 
Geological Society of America, p. 388-396.

Sarna-Wojcicki, A.M., Long-term displacement rates of the San Andreas Fault System in 
northern California from the 6-Ma Roblar tuff, Abs 4 in Symposium on the Hayward 
Fault, Hayward State University, Hayward, California, June 1992 (submitted).

Sarna-Wojcicki, A.M., and Davis, J.O., in press, Quaternary Tephrochronology: In 
Morrison, R.B., ed., Quaternary nonglacial geology: conterminous United States. 
Geological Society of America, Decade of North American Geology Series, v. K-2.

Sarna-Wojcicki, A.M., Lajoie, K.R., Meyer, C.E., Adam, 0.P., and Rieck, H.J., in press, 
Tephrochronologic correlation of upper Neogene sediments along the Pacific margin, 
conterminous United States: In Morrison, R.B., ed., Quaternary nonglacial geology: 
conterminous United States: Geological Society of America Decade of North American 
Geology Series, v. K-2.

592



II

HYDROGEN AND OTHER NON-RADON GEOCHEMICAL MONITORING

9970-02773

Motoaki Sato
Branch of Lithospheric Processes 

U.S. Geological Survey
MS-959

Reston, Virginia 22092 
(703)648-6766

Investigations

We continuously monitor soil hydrogen at 1.5 m depth along the San Andreas and 
Calaveras faults in central California. There are 4 telemetered monitoring sites in the Hollister 
area, and 7 sites in the Parkfield area. Five of the latter sites are equipped with duplicate 
sensors installed 17 m apart.

We also continuously monitor water conductivity, dissolved CO2, and dissolved H2 of 
pumped water from two wells, one drilled into the San Andreas fault zone, and the other about 
500 m from the fault.

Results

1. Soil Hydrogen

Soil hydrogen gas (H2) concentration is continuously measured by using a fuel-cell sensor (based 
on Nafion polymer membrane) at 1.5 m depth in a sand-filled hole drilled into the fault trace. 
The sensor electrochemically responds to H2, H2S, and CO sensitively, but not to methane CH 
and other hydrocarbon gases. In ordinary soil, CO is absent and H2S is quickly absorbed, so 
the sensor response is almost totally caused by H2 . The depth of 1.5 m is chosen because at this 
depth temperature remains constant throughout a year in this region and the barometric pressure 
effect is greatly buffered by the sand column above the sensor.

Increased H2 emission along a seismogenic fault prior to damaging earthquakes has been reported 
in China, USSR, and Japan in addition to our own monitoring. Japanese isotopic studies have 
shown that such H2 probably originated by rock-water interaction at hydrothermal temperatures, 
and its emission is limited to the immediate vicinity of the fault trace. We hypothesize on the 
basis of these and our own observations that H2 is generated abundantly in the mafic ductile crust 
during hydration of mafic silicates and episodically escapes to the surface when increased 
compressive stress in the ductile crust (due to plate boundary convergence) uplifts the weak fault 
zone and thus dilates the fault plane. Eventually shear stress concentrates in the stuck section 
(seismic gap) and ruptures the segment. Anomalous H2 emission is thus considered to be an 
intermediate-term tectonic precursor.
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The data through early-April 1991 have been published in NEHRP Summaries of Technical 
Reports Vol. XXXII (Open-File Rept. 91-352). Because we replaced the isolation amplifiers 
with new-types at several sites in early April, we present the data recorded since April 15, 1991, 
in this report to avoid complexity of the plots. All ttye soil hydrogen data are compositely 
plotted in Fig. 1. The positions of plots are arbitrary; 6nly relative changes are significant in 
the figure. Normal H2 level is very low at all sites (<20 ppm). Unless recorded changes 
exceed 2-sigma, they are disregarded. Clear telemetry noise, that appear in both H2 signal and 
creepmeter signal, which share the same telemetry transmitter, has been removed. Blank 
segments cover invalid signals due to power supply failure. Apparent anomalies caused by 
sensor check, or replacement, or electronics adjustments are also removed.

The only possible minor anomalies in the entire network between April 15 and October 15, 
1991, were recorded by Parkfield sensor #2. Several abrupt changes, all less than 100 ppm, 
were recorded between July 13 and August 13. The lack of duplication of the signal by sensor 
#1 at this site was most probably due to the failure of sensor #1. In spite of replacement of the 
isolation amplifier by a more temperature stable type, the signal output continued to show 
pronounced diurnal changes and sensor failure was suspected. On Sept. 24, the #1 sensor was 
found to be flooded with water and lost sensitivity because of short-circuiting at a shallow depth. 
The sensor was rebuilt and re-installed. Although the anomalies recorded by #2 sensor were 
very minor (major anomalies exceed 1000 ppm), the shapes look real. The possible cause for 
these anomalies is being looked into.

2. Water Geochemistry

The water geochemistry data recorded in the period between April 15 and October 15, 1991, at 
the Taylor Ranch site are compiled in Fig. 2, and those at the Miller Ranch site in Fig. 3.

Water conductivity is monitored by a magnetic induction type sensor at these sites. The sensor 
is extremely stable and free of fouling by surface coating of mineral precipitates or algae. The 
pumped water first goes through a filter and then enters the conductivity monitor chamber. 
Because the water in the well has a constant temperature, the temperature effect on the 
conductivity monitor is relatively small as long as the water flows through the chamber at a 
reasonable rate (about 1 liter per minute). But when the water flow stops, the temperature effect 
becomes large as it happened at the Taylor Ranch between April 24 and May 10 (Fig. 2, top), 
when nobody adjusted the water flow to our instruments after pumping failure (Fig. 2, bottom).

Dissolved CO2 is monitored by a self-compensating infrared analyzer. The sensor checks the 
CO2 absorption band against a non-absorption band 5 times per second and thus the 
environmental noise is minimized. However, the equilibration of dissolved CO2 with scrubbing 
air stream is sensitive to temperature. The temperature Effect was much reduced after Chi-Yu 
King installed an air- conditioner in the vault on June 2(j (Fig. 2, 2nd top).

594



II

Dissolved H2 is monitored by a fuel-cell sensor similar to those used for soil hydrogen 
monitoring. The sensor has an inherent temperature sensitivity. The diurnal changes diminished 
after June 26 (Fig. 2, 3rd top).

All these measurements depend on adequate flow of water (about 1 liter per minute). If water 
supply stops frequently, the data become meaningless. This was what happened at Taylor Ranch 
after Sept. 7 (see Fig. 2, bottom), in spite of installation of automatic water flow controller on 
Sept. 22. We desperately need a local support for maintaining a continuous water supply to both 
radon monitor and geochemistry monitors.

At Miller Ranch, the water supply is not a serious problem. A greater problem is the extreme 
temperature variation in the trailer. The daily temperature variation probably exceeds 20°C. 
I have been pushing for the installation of a heat-pump air conditioner at this site, but the radon 
group does not show much enthusiasm. The metering pump, which regulates the ratio of water 
to scrubbing air, burned out on Sept. 22 probably because of the heat. Currently the pump is 
being repaired. So the data for dissolved CO2 and H2 are invalid after this date. The 
resemblance of these data (Fig. 3, 2nd and 3rd) to that of temperature monitored at Gold Hill 
(Fig. 3, bottom) suggests that the first thing to do at this site is to create a constant-temperature 
environment.

Reports

Sato, M., 1991, Hydrogen monitoring, Abstracts, US-PRC Workshop on 
Focused Earthquake Prediction Experiments, San Juan Bantista, USA, 16-19 
September, 1991.
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SURFICIAL AND BEDROCK GEOLOGY IN THE MID-CONTINENT 
MISSISSIPPI VALLEY AND NEW MADRID SEISMIC ZONE

9510-10210

ART SCHULTZ 
Branch of Eastern Regional Geology

U.S.Geological Survey
926 National Center, Reston, VA 22092

703-648-6501

INVESTIGATIONS
As part of the National Geologic Mapping Program, work on this project 

was started during the last half of fiscal 1992. With combined funding from the 
National Geologic Mapping Program and the National Earthquake Hazard 
Reduction Program, a range of research initiatives were undertaken throughout 
the study area to build a framework for a 5-7 year project. Interaction with state 
surveys, interested universities and other USGS agencies occurred to develop a 
multidiscipline geologic approach to solving regional geologic problems in the 
mid-continent and to interact in a positive way with ongoing studies. This report 
briefly summarizes the progress made during May 1991 through September 1991 
on this project. A proposal for continued study in FY92 was submitted to both 
the National Geologic Mapping Program and the National Earthquake Hazard 
Reduction Program.

The overall framework of the research is to combine surficial and bedrock 
geologic mapping and closely related topical research to define the surface and 
subsurface geology and tectonic evolution of the greater New Madrid Seismic 
Zone. One of the most important goals of this project is to produce surficial and 
bedrock geologic maps (1:100,000 and 1:24,000 scale). Within this framework, 
several topical studies are in progress.

MAPPING INVESTIGATIONS
Geologic mapping in FY 1991 concentrated on evaluating the coverage and 

quality of existing maps in the study area. Several field areas were chosen and 
studied to address the problems of map scale, the existing stratigraphic and 
structural framework, the choice of map units, and the usefulness of the map data 
for topical research subjects. Work in FY91 was focused on three general areas:

A. The most substantial effort was reconnaissance mapping in southeast 
Missouri particularly in the Missouri portions of the Rolla and Paducah 2 degree 
quadrangles and adjacent areas (Schultz, Owens, Prowell). In the Cape Girardeau 
area, mapping concentrated on establishing the quality of the data base used in 
the production of the 2 degree Paducah and Rolla (CUSMAP) sheets and 
numerous larger-scale maps. As part of a USGS Gilbert Fellowship, Prowell
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continued investigations of Cretaceous rocks and regional deformation patterns.
B. Following discussions with Missouri Geological Survey, several field 

visits were made to the St Louis area to evaluate on-going and available mapping 
(Schultz, Owens, McCartan). Particular attention was focused on surficial 
geology, bedrock stratigraphy, and structural geology.

C. Limited field mapping occurred in the general area from New Madrid 
to Memphis (Markewich, Schultz, Prowell). Discussions with USGS geologists in 
Memphis and geologists at Memphis State University were held to establish a 
framework for mapping in this area.

TOPICAL INVESTIGATIONS
Within the overall mapping area, several topical studies were initiated. 

These include studies of faults and fault rocks, and surficial geologic framework 
studies.

A. Work was begun on regional structural studies of faulting, fracturing, 
and deformation and their relationship to present seismicity (Schultz). Selected 
locations along the Ste. Genevieve, Big River, Simms Mountain, Palmer and Black 
Faults in southeast Missouri were visited in the field. Ten locations along Ste. 
Genevieve fault were visited and evaluated for detailed study and oriented 
specimens of fault rocks from 5 of these locations were collected. Samples were 
collected across the fault zone. Polished slabs and thin sections were made, in 
some cases in 3 mutually perpendicular planes, for analysis of deformation.

B. Surficial geologic framework studies were carried out in the Memphis 
area to establish criteria for choosing map units (Markewich). Initial focus was on 
loess and valley fill stratigraphy and terrace distribution.

RESULTS
A. The Missouri portion of the Paducah CUSMAP was compiled from a 

set of 7.5 min USGS Miscellaneous Field Studies maps. These maps are a much 
needed addition to the data base in this area. However, our field investigations 
found problems in using the maps to evaluate the regional tectonics and neo- 
tectonics. In many cases, the maps show very little structural data (only a few 
strike and dips) to accompany the numerous indicated faults. The faults occur in 
complex intersecting patterns. The maps have no cross sections or accompanying 
text describing the structures. Reconnaissance traverses across many of these 
quadrangles showed an order of magnitude more outcrops than data indicated on 
the maps. Although these outcrops often consist of nearly flat-lying rocks, their 
indication on the maps is important in establishing the regional structural setting. 
Detailed field checking along one of the indicated faults could not establish its 
presence. However, numerous outcrops in the area showed jointing and gentle 
folding. Structural data, such as folds, joints, and fractures, is needed on these 
maps to determine the fault kinematics and for control on the fault orientation. 
In another case, Cretaceous rocks are shown in a series of complex narrow
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grabens. If faulting did occur after Cretaceous time, as implied by these maps, it 
is important to show all data used in drawing the faults on the maps. Such data is 
not presented on these maps and remapping in this area is needed to test the 
interpretations. No fluvial terraces are indicated on the maps although 
reconnaissance in the area showed several levels of terraces. Once again, such 
data would have been very useful in evaluating the regional neo-tectonic setting. 
Similar detail is lacking on the CUSMAP Rolla 2 degree sheet and the county 
maps used in their compilation. However, these maps can be used as good 
foundations for mere focused work. On the basis of our FY 91 field work, we feel 
that focused detailed mapping in the area, accompanied by detailed site analysis 
of deformation, is needed to augment the existing data if significant advances are 
to be made in unravelling the regional tectonics. Such mapping is planned to 
begin in FY92.

B. Field work in FY 91 showed that existing and ongoing COGEOMAP 
products do not differentiate the various loess, colluvial, and alluvial materials 
present in the St. Louis area. Structural data on existing maps does not include 
joint or mesoscopic observations (small folds, veins, etc.) that are needed to 
evaluate the orientations and kinematics of faults. Site visits to previously mapped 
faults showed that important outcrop scale kinematic deformation indicators are 
present in rocks in this area and we feel these must be included on future maps 
to analyze faulting in this urban area. Consequently, project work in FY91 in the 
St Louis area concentrated on outlining a program needed to establish a 
stratigraphic framework for the surficial geology and toward focus of both 
COGEOMAP and our project staff in collection of mesoscopic structural data. 
Plans for FY92 include field mapping, stratigraphic studies and active interaction 
between State COGEOMAP geologists and our project staff.

C. Both reconnaissance and detailed field mapping in several areas from 
Memphis northward to Dyersburg indicated the need for general surfical geologic 
maps in this area. Within the Memphis West and East 1:100,000 quadrangles 
there is a need to establish a surficial geologic framework to differentiate loess 
units from colluvium, terraces and alluvium. Although topical studies have been 
done in this area, particularly near New Madrid, little up-to-date detailed 
surficial mapping exists. Focus of our project in FY91 was on site visits to several 
selected locations with local geologists to study exposures of terraces, loess and 
Tertiary bedrock. Ten locations were chosen and loess and Tertiary (?) gravel 
samples were collected and submitted for a range of age determinations (U-series, 
amino acid racemization, 10 Be, 14 C, and pollen). Collection localities were 
chosen in the Memphis area for samples of paleosols and arrangements have been 
made for their analysis.

D. Field collection of rocks from faults in southeast Missouri (see above) 
included cataclastic sandstone and quartzite, carbonate breccia, and other
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deformed sandstone and carbonate rocks. Preliminary observations indicate 
pressure solution, cataclastic, and extensional fabrics in carbonate rocks and 
cataclastic shearing in sandstone and quartzite. Complex patterns of overprinting 
contraction and extension occurs in thin section and) some textures suggest a 
component of wrench faulting. Combined thin section and outcrop observations 
indicate a complex strain history. Continued project work will stress correlation 
of map patterns with outcrop and thin section strain analysis.

One location along the Big River fault was chosen for detailed map 
evaluation. The fault was located in the field and traced on a 7.5min. quadrangle. 
Numerous outcrops were present in the area and fault breccia and mineralized 
rocks were present along the trace of the fault Such site analysis of mapped 
faults is planned to FY 92 to better constrain deformation models. Three locations 
along the Simms Mountain fault and three locations along the Palmer fault were 
visited and evaluated for future study. Exposures in these locations included 
brecciated volcanic rocks. One location along the Black fault was visited and a 
suite of fault-rock samples was collected for slab and thin section analysis. These 
rocks included foliated volcanic rocks and possible mylonite. Preliminary thin 
section analysis indicates a well developed foliation transecting an earlier 
compositional layering. Excellent finite and incremental strain indicators are 
present in these rocks and these are presently being studied. Data collected by us 
in Fy 91 will be used to model fault kinematics and mapping and outcrop work 
planned in FY 92.

OTHER ACTIVITIES-FY 91.
1. Discussions were held with staff geologists on the Missouri Survey to 

coordinate mapping in that State. The StLouis 1:100,000 scale sheet will be 
cooperatively mapped with 2 Missouri staff geologists presently mapping under 
the COGEOMP program.

2. Two of the project geologists attended a meeting and field trip at 
Southeast Missouri State University on the tectonic evolution of the New Madrid 
seismic zone. This was an important step in updating the NGMP/NEHRP 
programs as to the studies going on in the area. The field trip reinforced our 
earlier impression that focused structural, stratigraphic and surficial studies are 
needed in the southeast Missouri area to unravel regional tectonics and test the 
numerous conflicting theories.

3. Discussions were held between project staff and USGS geologists in 
Rolla concerning cooperative mapping and topical studies to address regional 
geomorpholgical problems in the southeast Missouri area. Based on FY92 
funding, cooperative surficial mapping is planned. Problems under review are 
differential uplift, surficial processes and fluvial geomorphology.

4. Meetings were held between the US Corps
to obtain subsurface records in the Memphis area and to establish the data base

602

of Engineers and project staff



II

used in production of existing maps in this area.
5. Three geologists from Memphis State University(one professor and 2 

students) were supported under the USGS volunteer program and coordinated 
under our project to collect cores of terraces in the Memphis area for age dating. 
Several sites were chosen for drilling in FY 92.

6. Information about our project was circulated throughout FY91 to advise 
as many people working in the area of our project Included were letters to State 
geological surveys, meetings with staff at Memphis State, U. of Southeast 
Missouri, and U. of Illinois at Carbondale, and meetings with WRD geologists at 
Rolla and Memphis.
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Analysis of Seismic Anisotropy and Directional Site Resonance in the Loma
Prieta Aftershock Zone

Award No. 14-08-0001-G2079

Susan Y. Schwartzj
Institute of Tectonics, University of California, Santa Cruz, CA 95064

(408)459-3133

Summary

The objective of this research is to evaluate the existence, orientation and origin of both 
crustal anisotropy and directional site resonance in the aftershock zone of the 1989 Loma Prieta 
earthquake. Seismic anisotropy in the crust is produced by stresses that act to align mineral axes 
or fractures, therefore analysis of seismic anisotropy can iclp to determine stress orientations at
depth. Determination of seismic anisotropy involves analy sis of shear wave polarizations that are
often complicated by signal distortions produced by scattering and by the effects of shallow 
geology beneath the receiver. In order to understand these effects we investigate the site 
response and scattering properties of the shallow crust beneath our receivers. The investigation 
of crustal anisotropy utilizes data from three-component recordings of Loma Prieta aftershocks 
collected during the 1989 PASSCAL instrument deployment. The study of site response and 
scattering properties of the crust utilizes both the PASSCAL aftershock data as well as 
PASSCAL instrument recordings of five calibration shots obtained in May 1991, under the 
auspices of this award.

Research Accomplished

Dense Array Recording of Loma Prieta Rupture Zone Controlled Source Explosions
In an earlier study using data from the 6 element ZAYA sub-array of the 1989 Loma 

Prieta PASSCAL aftershock deployment (Figurel), Bonamassa et al. (1991) found that in the 
frequency range between 1 and 20 Hz, different sites amplified ground motion in preferred 
directions that varied greatly between sub-array elements located only tens of meters apart. To 
further evaluate this phenomena, to investigate the relatibnship between the amplification and 
directionality of weak ground motions and microtremcr at the same sites, and to study the 
scattering properties of the shallow crust, we deployed a dense array of 20 elements at the ZAYA 
site (Figure 1) and recorded five controlled source explosions that occurred in May of 1991. 
Figure 2 shows vertical component recordings of a 1000 '. b explosion on May 22, located about 
16 km from the ZAYA array. The initial P wave followed by a probable depth phase is clearly 
observed at all stations. Following the P wave is several seconds of coda that presumably 
contains scattered energy. We are presently employing array processing techniques to 
understand the generation of this coda, in particular to try to locate coherent scatterers in the crust 
beneath the array.

In order to assess the coherence distance of the directional effects observed previously at 
the ZAYA site, we determined the dominant azimuth of polarization from the horizontal 
components of the explosion signal at each element in the dense array for various frequency 
bands. Our preliminary analysis reveals that for 3 explosions examined so far, polarization 
directions are coherent over distances of 20-25 m for frequencies higher than 2 Hz. Analysis of 
microtremor (noise) at the same array sites shows comparable but more scattered results.

Seismic Anisotropy in the Loma Prieta Rupture Zone
We are examining three-component recordings of aftershocks of the 1989 Loma Prieta 

earthquake from three six element sub-arrays of the PASSCAL deployment for anisotropy 
induced shear wave splitting. The most important feature of this data is the sub-array 
configuration which enables the shear waves to be stacked, enhancing their signal to noise ratio
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and diminishing randomly scattered energy and signals arising from very near-receiver structure. 
This is very important for observing the slower shear wave, since it is often masked by 
reverberations generated near the receiver. Presently we have analyzed 10 events from the 
ZAYA sub-array (Figure 1). Our results thus far are shown in Figure 3 where the direction of 
initial polarization observed at ZAYA is plotted at the epicenter of the event using a solid line. 
The delay time between the fast and slow shear wave, when a slow shear wave was observed, is 
indicated in seconds adjacent to each event. All but the event at 1035 show a consistent direction 
of polarization that ranges between 140-160°. The consistent direction of polarization at a 
particular station from events at different locations and with different focal mechanisms is 
diagnostic of anisotropy somewhere beneath the receiver. The observed direction of polarization 
is not the direction that originated at the source, the polarization at the source expected at ZAYA, 
using P wave first motion mechanisms determined by Oppenheimer (per. comm.), are shown as 
dashed lines in Figure 3. We are presently working on automating determination of the direction 
of shear wave polarization and the time delay between the fast and slow shear wave. This 
technique will be applied to many more events recorded at the ZAYA sub-array as well as to the 
other 2 sub-arrays.
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Figure 1. Map of the Zaya array and enlargement of the very dense array deployed to record the 
May 1991 Loma Prieta rupture zone controlled source explosions.
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Figure 2. Vertical component recordings of one calibration shot at stations of the ZAYA very 
dense array.
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Figure 3. Polarization directions of initial stacked shear waves observed at ZAYA from 10 
different events (solid lines plotted at each earthquake epicenter). These 10 events have different 
polarization directions expected at the source (dashed lifles plotted at each earthquake epicenter), 
however their observed polarization directions are all similar (140-160°) suggesting the presence 
of seismic anisotropy. Six of these events show a slow shear wave with a time delay relative to 
the fast wave indicated in seconds adjacent to the earthquake epicenter.
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MECHANICS OF FAULTING AND FRACTURING

9960-02112

Paul Segall 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4861

Investigations

1. Studies of the Loma Prieta earthquake.

2. Studies of the San Andreas Fault near Parkfield, California.

3. Studies of Induced Seismicity 

Results

1. Loma Prieta Region; with C. Williams and R. Burgmann, Stanford University

A GPS network in the Santa Cruz - Watsonville area was resurveyed following the 
October 17, 1989 M3 7.l Loma Prieta earthquake to determine coseismic displacements 
and to constrain the geometry of faulting and distribution of fault slip. The network was 
first surveyed by the California Department of Transportation (Caltrans) in the year prior 
to the earthquake. The Caltrans network is in the epicentral region of the earthquake, in 
an area not well covered by other horizontal monitoring networks. The Caltrans survey 
employed single frequency GPS receivers and short (1 to 1.5 hour) observing sessions. The 
post earthquake survey, in March of 1990, employed Trimble 4000 SST dual frequency 
GPS receivers and 6 hour sessions. The pre- and post- earthquake data was processed 
with broadcast orbits using the Bernese software.

Errors in the computed coseismic displacements are dominated by errors in the pre- 
earthquake survey These errors are estimated from short term reproducibility. For 
example, the 9 km vector from Crowell (on the UC Santa Cruz Campus) to Trail (Scotts 
Valley) was measured 8 times by Caltrans on 3 different days. Excluding one significant 
outlier, the rms scatter in the North, East, and Vertical is 0.6 cm, 0.9 cm, and 4.7 cm, 
respectively. The coseismic changes are North:  5.1 ± 0.9 cm; East:  23.3 ± 2.2 cm; 
Vertical: +28.6 ±4.7 cm. The changes in all three components are significant. Maximum 
relative horizontal displacements are ~ 30 cm. Trail, located 9 km SW of the fault, 
uplifted 35 cm with respect to the coastline west of Santa Cruz.

607



II

The coseismic displacement vectors show significant fault normal shortening along 
the northwest portion of the rupture zone, consistent with strong motion inversions that 
indicate concentrated reverse motion in this region. The vertical displacements determined 
by GPS are generally consistent with results from repeated leveling.

An experiment to test for post-seismic strain diffusion northwest of the Loma Prieta 
rupture was undertaken in cooperation with the crusltal strain project. Strain diffusion is 
predicted by theoretical models of viscoelastic relaxation below the seismogenic crust, and 
has been suggested as a mechanism to explain sequential rupturing along a fault system. 
An array of geodetic stations was established that crosses the San Andreas 20 km northwest
of the end of the Loma Prieta rupture. We surveyed these stations in January, April, and
September of 1990, and in May and June of 1991. To determine a short-term (day-to-day) 
repeatability, each station was occupied on three days during the June 1991 campaign. 
The average rms residuals about the mean for the baselines repeated in the June 1991 
survey are 5 mm in the north component, 7 mm in the east component and 15 mm in the 
vertical component.

Preliminary displacements computed from January 1990 and May 1991 coordinates, 
obtained with broadcast orbits, indicate strain raijes in excess of those measured by 
the U.S.G.S. geodolite network prior to the Loma Prieta earthquake. A final solution, 
including improved orbits for all the surveys, will show if postseismic displacement rates 
are significantly accelerated, indicating postseismic strain diffusion northwestward along 
the fault system. This would have important implications for seismic risk on the Northern 
Peninsula segment of the SAF

2. Parkfield Region; with M. Matthews M.I.lj.

We have been investigating methods through which crustal deformation measurements 
at Parkfield, and elsewhere, may be inverted to produce estimates of fault slip that vary 
in both space and time. The model attributes changes over time in a single measured 
functional to a tectonic deformation signal, due to fault motion, to a local deformation 
signal, due to surficial processes such as weathering frnd erosion around benchmarks, and 
to random measurement errors, due to instrumental imprecision. A space-time description 
for the tectonic component of the signal is obtained by expanding the distribution of 
deep slip in an optimal set of spatial functions with time-dependent coefficients that are 
modeled a priori as integrated Wiener processes. Local deformation signals are modeled a 
priori as Brownian motions, and measurement errors are modeled as independent Gaussian 
perturbations. Combining these components, we describe the temporal evolution of several 
spatially-related deformation functionals as a stochastic, linear, dynamical system and
apply linear filtering and smoothing technqiues to 
produce time-dependent estimates of both local and

the resulting state-space model to 
tectonic signal components.

These methods have been applied to data collected by the two-frequency geodimeter in 
operation near Parkfield, CA since mid-1984. The analysis of the spatio-temporal signals
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in these data reveals significant time variation in the rate of deep slip on the Parkfield 
segment of the San Andreas fault. Some of the time variation at Parkfield is apparently 
associated with seismic activity outside the Parkfield seismogenic zone. A large acceleration 
in right-lateral strike-slip and increased dilatation on the eastern side of the San Andreas 
accompany the Kettleman Hills earthquake (M=5.5) in August, 1985. The apparent rate 
of right-lateral strike slip at depth decreases markedly after the time of the Kettleman 
Hills earthquake, until peak slip retardation is reached in mid-1989. In the two years since 
that peak, there has been an apparent increase in the rate of right-lateral slip at depth. 
Similarly, the estimated coefficient of a component of strike-slip that produces dilatation 
on the eastern side of the San Andreas and compression on the western side shows a steady 
increase in these features from the onset of observation through the end of 1986, at which 
time the dilatational component levels off to a rate that is remarkably constant through 
the 1980's.

3. Induced Seismicity; with J.R. Grasso, Univ. of Grenoble

Hundreds of shallow, small to moderate earthquakes have occurred near a deep gas 
field in southwestern France since 1969. This seismicity is distinctly shallower than tectonic 
seismicity occurring in the Pyrenees, 25 km to the southwest. The induced seismicity is 
tightly clustered near the Lacq gas field, with the majority of events occurring above the 
reservoir. Events below the reservoir began in 1982. Reservoir pressure had declined by 
~ 30 MPa at the onset of seismicity, and by ~ 55 MPa at the onset of deep seismicity. 
Composite focal mechanisms are heterogeneous, with a tendency for P-axes to be radially 
distributed. Repeated leveling shows subsidence localized above the gas reservoir reaching 
a maximum of 60 mm in 1989.

We suggest that poroelastic stressing, associated with volumetric contraction of the 
reservoir rocks, is responsible for the induced seismicity. The relationship between average 
reservoir pressure decline and subsidence is remarkably linear, lending support to the 
linear poroelastic model. We estimate the Biot pore-pressure coeficient a by interpolating 
between published values for high porosity limestones and a value determined by lab 
measurements for the lowest porosity reservoir limestones, and find a ~ 0.25. Using 
this result and known values for the reservoir depth, thickness, pressure distribution, and 
elastic properties it is possible to predict the surface displacements and the change in stress 
field with no adjustable parameters. The computed vertical displacements are found to be 
in good agreement with the observed subsidence. The poroelastic stress changes at the 
onset of seismicity (both above and below the reservoir) are of the order of a few bars.

The implication of this result is that either: (i) the pre-existing deviatoric stress, in 
this tectonically inactive area, is such that the rock mass is quite close to failure, or (ii) the 
faults slip at remarkably low deviatoric stress. The apparent radial distribution of P-axes 
may support (ii) as the perturbing stresses are radially distributed and the earthquakes 
slip in response to the sum of the induced and tectonic stresses. It is difficult to appeal to 
apparent fault weakening due to elevated pore-pressures because pore-pressures above the
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reservoir where most of the earthquakes are located, are known not to be abnormally high. 
We propose that in situ stress measurements could resolve this question, with important 
implications for fault mechanics and seismic hazard evaluation.

Reports

Segall, P., and M. Lisowski, Surface displacements fc the 1906 San Francisco and 1989 
Loma Prieta earthquakes, Science, v. 250, p. 1241-1244, 1990.

Segall, P. The Loma Prieta Earthquake, in Physics Mews in 1990, American Institute of 
Physics, reprinted in EOS v. 72, p. 163, 1991.

Segall, P., Fault Mechanics, Reviews of Geophysics, U.S. National Report to International 
Union of Geodesy and Geophysics, p. 864-876, 1991.

Arnadottir T., P. Segall, and P. Delaney, A Fault Model for the June 26, 1989 Kalapana 
earthquake derived from geodetic and seismic data, Geophys. Res. Letters, in press, 
1991.
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SALTON TROUGH TECTONICS 
AND QUATERNARY FAULTING

9910-01292

Robert V. Sharp 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5652 or FTS/329-5652

Investigations

1) Geologic mapping of the Superstition Mountain fault and seismic reflection profile 
across its northern extension.

2) Seismic reflection profiles in the Brawley seismic zone near Obsidian Butte and in 
the Supersition Hills fault zone near El Centre.

3) Post-1987 afterslip on the Superstition Hills fault and a northeast-trending cross fault.

Results

1) Mapping of the Superstition Mountain fault and the adjacent geology is now com­ 
pleted in the Brawley NW, Superstition Mountain, and Plaster City NW 7.5' quad­ 
rangles. To help clarify its geometric relation to the southern Coyote Creek fault, 
a seismic reflection profile was made where the location of the trace is concealed 
along the northern part of the fault. The active trace of the Coyote Creek fault was 
revealed by the 1968 surface rupture associated with the Borrego Mountain earth­ 
quake. Unfortunately, the reflectors imaged in the profile are not continuous enough 
to clearly indicate the presence or absence of a fault, and thus the possible equi­ 
valence of the two faults remains unresolved.

2) Following the November 1987 Elmore Ranch and Superstition Hills earthquakes, a 
4-6 cm scarp was observed in the pavement of Sinclair Road in the Imperial Valley 
about 2 km south of Red Hill. This might be the first surface expression of faulting 
yet discovered in the Brawley seismic zone near and south of the Salton Sea. By 
1974 Savage, Goodreau, and Prescott had established that the rate of right-lateral 
strain between Obsidian Butte and Red Hill was high, but close inspection of pave­ 
ments and concrete irrigation canals in this region before the 1987 earthquakes failed 
to show that the strain was concentrated into a narrow zone of discrete slippage. In 
order to check the possibility that the 1987 Scarp in Sinclair Road was indeed the
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surface expression of faulting, a leveling line was established, and in this report 
period two staggered 0.25 mi-long east-west reflection profiles were made near the 
scarp. Nearly flat reflectors were well-imaged, but their continuity without apparent 
offset showed that post vertical movements near the 1987 scarp were very small to 
nonexistent. Because of agricultural and other cultural obstacles, the profile could 
not be made on a continuous line, so there remains a chance that the scarp repre­ 
sents new movement on a northeast-trending fault that crosses the break between the 
two segments of profiling.

The 1987 surface rupture of the Wienert fault in the Superstition Hills fault zone
died out southeastward in farmland on a heading that projects toward the city of El 
Centro. Photolineaments on line with the surface rupture in the direction of the city 
also terminate before reaching it, but epicentral maps of seismicity for the Imperial 
Valley suggest possible continuation of the fault to the city and beyond. In this re­ 
port period a mile-long E-W reflection profile was made at Aten Road about 1 km 
northwest of El Centro to look for evidence of subsurface disturbance and/or dis­ 
placement. Although the reflectors were poorly imaged here, they clearly reveal an 
eastward component of dip of the subsurface strata. Unfortunately, however, the re­ 
flectors were too discontinuous to confirm or deny the existence of fault offsets of the 
strata at that site.

3) Post-seismic slip is monitored at 66 stations along the various breaks of the Supersti­ 
tion Hills fault zone. Slip continues to grow both by episodic creep events and by 
more-or-less steady "background" creep. The largest cumulative right-lateral dis­ 
placement, measured on the northern strand near the northern extensional stepover, 
is now about 85 cm. Plotted with a logarithmic time axis, displacement values at 
most stations have deviated noticeably downward from linear extrapolations of earlier 
data points i.e., the displacement growth is now approaching its asymptotic phase and 
is within probably a few centimeters of its "final" amount.

During the report period, two surface slip events, each with total length of at least 
20 km, occurred on 20 November 1990 and on 16 July 1991 (date of the latter event 
from creepmeter records of R. Bilham). The maximum surface slip for each event 
was about 1.5 cm, and no seismic events are knOwn to have occurred at those times 
along the Superstition Hills fault.

In stark contrast to the marked growth of slip on the Superstition Hills fault zone, 
the apparent absence of afterslip on northeast-trending faults in the Superstition Hills 
has been puzzling. In March, 1990, however, left-lateral slip along a short, well- 
preserved segment of surface rupture on the central of the three major cross faults
exceeded slip observed shortly after the 1987 earthquakes by about 50 percent.
Monuments erected there showed nearly 9 mm of additional left-lateral slip by 
September 1991. Not only is this section of the: fault actively moving, preliminary 
analysis shows the slip to be following the same power law of growth as the 
Superstition Hills fault. Monuments erected on the other two major cross faults have 
not shown significant increases in left-lateral slip.
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Reports

Saxena, S.K., Sharp, R.V., and Acacio, A., 1991, Geoscience and geotechnical aspects, in 
Schiff, A.J., ed., Philippine earthquake reconnaissance report, to be published by 
Earthquake Engineering Research Institute (EERI).
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Systems Analysis of Geologic Rate Processes:

SPACE-TIME MODELS, COUPLED OSCILLATORS, AND GENETIC CODES:
EARTHQUAKE RECURRENCE PATTERNS AND RELATIONSHIPS TO

MAGMATECTONIC PROCESSES

9980-02798

Herbert R. Shaw and Anno E. Gartner
Branch of Igneous and Geothermal Processes, U. S. Geological Survey

MS-910, 345 Middlefield Road, Memlo Park, CA 94025
(415) 329-5245,5209

Objective: The objective of this project is to develop models that explain the 
earthquake process in terms of emerging concepts of nonlinear dynamics. Examples 
of this approach have been given in many previous Semiannual Technical Reports of 
NEHRP, and in papers cited here. A broader objective is to integrate nonlinear 
models of magmatic processes with those of the earthquake process so as to obtain a 
generalized magmatectonic model of geodynamics. This approach is based on many 
lines of evidence leading to the conviction that earthquake and volcanic processes are 
globally coupled and that an adequate basis for the analysis of earthquake hazards 
can not be formulated until there is an integrated Understanding of related magmatic 
processes and mutual relationships to sources in the tectonosphere (Shaw, 1980, p. 
252 ff).

Results: The most direct evidence of the coupling of seismic and magmatic 
processes is demonstrated by the history of mutual activity in the evolution of Kilauea 
Volcano, Hawaii. Virtually every aspect of cratonic earthquake phenomena has been 
manifested during this history (Shaw, 1980; Klein et al., 1987; Ryan, 1988), with the 
exception of the deepest form of subduction earthquakes (Kirby, et al., 1991). Hawaii 
represents a natural laboratory for the understanding of faulting and the earthquake 
process in precisely the same sense that it does for the volcanic process and is unique 
in the world for the completeness of documentation of both processes and their 
interactions. The relationship of local to global magmatism is more clearly displayed 
in Hawaii than anywhere else in the world, and the development of an integrated 
principle of seismotectonic and seismomagmatic action must stand the test of 
application to that documented history.

One aspect of our development of a strategy fbr the understanding of integrated 
processes has been a focus on the nonlinear dynamics of seismic tremor, the reason 
being that it is a direct manifestation of the coupled action of magmatic and tectonic 
moments in the Earth. In the model of Shaw (1980) seismic tremor both signals and 
manifests the initiation of a tectonic failure cascade emanating from mantle processes. 
This cascade encompasses a very wide fractal spectrum of seismic and subseismic 
frequencies, where subseismic refers to so-called "slow earthquakes" and general 
plasticoviscous magmatectonic deformation cycles that include the dissipative motions
of mantle melting (Shaw, 1969). In conjunction with
Bernard Chouet (G-EVE, SEIS) cited below, we have developed a generalized fractal 
description and nonlinear dynamical model of the tremor process (Chouet and Shaw, 
1991; Shaw and Chouet, 1988; 1989; 1991) which stands also as a description of the
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earthquake process in general as it relates to global tectonism (cf, Shaw and Chouet, 
1991, p. 10,205 ff).

Central to nonlinearly coupled seismomagmatic and seismotectonic processes 
(TMMT of Shaw and Chouet, 1991) is the phenomenon of self-organized criticality 
manifested in its simplest form by the CGMN singularity spectrum of sine circle maps 
(Shaw, 1987a, 1991; Shaw and Chouet, 1989). Self-organized criticality represents 
the collective action of many interior crises in the phase space of low-dimensional 
strange attractors (e.g., Chouet and Shaw, 1991) relative to systems of unstable 
periodic attractors interior to the respective chaotic attractors (core attractors) of local 
dynamical processes. Each interior crisis of a subsystem of attractors is characterized 
by power-law dependence of frequencies, 1/t, relative to its proximity to a critical 
frequency in the neighborhood of an unstable natural nonlinear frequency of the 
system (Ditto et al, 1989; Shaw, 1991, p. 118 ff). A condition of steady or quasisteady 
state critical self-organization in a global system, such as the magmatectonic cascade 
just described, constitutes an ensemble average of an effectively infinite number of 
such interior crises. That is, natural systems have an infinite number of dynamical 
degrees of freedom, but the action of self-organization and the universality parameters 
associated with local systems of attractors and their crises results in a reduction of the 
effective degrees of freedom to relatively low dimensions (Chouet and Shaw, 1991). 
In the limit of the critical steady state, the infinite-dimensional cascade acquires a 
simplicity analogous to the one-dimensional CGMN spectrum of Shaw and Chouet 
(1988, 1989).

From the standpoint of nonlinear dynamics, the relationship of interior crises of 
specific attractor basins to the degrees of self-organization of a collective system of 
contiguous attractor basins represents the natural intersection of models of 
seismomagmatic processes (TMMT of Shaw and Chouet, 1991) and seismotectonic 
earthquakes. The latter are represented synoptically, for example, by the model of 
critically self-organized cascades of Bak et al. (1988) applied to the earthquake 
process by Bak and Tang (1989), Bak and Chen (1990), Ito and Matsuzaki (1990), and 
many other workers in the current literature of seismology. The forms of intermittency 
that characterize such systems are fractal (power-law) in nature, with universal spectra 
of power-law exponents analogous to or identical with that described by Shaw and 
Chouet (1988, 1989).

The phenomenon of interior crises also appears to explain another aspect of self- 
organized seismotectonic signatures that other workers have described in terms of 
Poissonian properties of the earthquake process (e.g., Nishenko and Buland, 1987). 
According to the nonlinear dynamical concepts described here, lognormal statistics 
represents only a partial description of the frequency response in the neighborhood of 
a critical frequency (the chaotic crisis or "bursting" frequency of Ditto et al., 1989; cf, 
Shaw, 1991). Power-law behavior represents the net effect of frequency variations 
relative to a critical frequency near the transition between chaotic and periodic 
dynamics (the so-called "border of chaos" of Bak and Chen, 1990; equivalent to the 
CGMN condition described in Shaw and Chouet, 1988, 1989). At a constant value of 
the average intermittency (1/t), however, the range of recurrence times, i t obeys 
lognormal statistics (Ditto et al., 1989, Fig. 4) analogous to the distributions of 
earthquake recurrence intervals of Nishenko and Buland (1987).

The recurrence intervals of Nishenko and Buland (1987, Table 1) are defined 
according to segments of plate boundaries where there have been two or more 
earthquakes and are normalized by the average recurrence intervals within each
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segment. They call theso "characteristic earthquakes" in the sense that they refer to 
the same characteristic plate segment in each case, hence they are analogous to or 
identical with characteristic earthquakes defined in terms of particular fault lengths, as 
in Schwartz and Coppersmith (1984) or as analyzed by Shaw and Gartner (1986) and 
Shaw (1987b). Interpreted according to the concept of interior crises and self- 
organization, therefore, this class of characteristic earthquakes represents events 
scaled to a particular recurrence frequency relative to a characteristic critical frequency 
for earthquake instabilities involving a more inclusive system of faults. In the general 
case, this is the global system.

The critical frequency could represent a form of external forcing, but in the context 
of self-organized criticality it is an intrinsic property ^)f the aggregate behavior. Thus, a 
power-law distribution of faults, plate segments, ahd earthquake magnitudes for the 
global system implies a spectrum of recurrence frequencies related to greater or lesser 
proximity to a system-wide critical frequency. The longer recurrence intervals 
therefore refer to the longer segments or faults of a generally interrelated system with a 
fractal distribution of lengths (Shaw and Gartner, 1986; Shaw,1987b). The truly 
characteristic event of such a system, relative to a globally characteristic critical 
frequency, would be of theoretically 'infinite' length, In actuality, however, it must be 
associated with the largest rupture lengths (or moments) that can exist on a finite Earth 
of given rheological properties and dynamical dissipation rate. As in laboratory 
studies of crises and self-organized criticality, this form of truncation is simply an 
artifact of the finite sample size and energy sources driving the system.

Within the time frame of historical observations and earthquake hazard 
assessments for human activities, the closest approach to the critical frequency would 
correspond to a catalog of the greatest earthquake events (e. g., Kanamori, 1986). 
Over shorter times, smaller geographic regions, and smaller magnitudes, spatio- 
temporal scaling of events corresponds to fractal fault-length budgets analogous to 
those described by Shaw and Gartner (1986). Aqcording to models of critical self- 
organization and/or chaotic crises, these fractal spatial distributions will be correlated 
with recurrence frequency spectra analogous to that described by Shaw and Chouet 
(1989). In that case, frequency bundles (local spatiotemporal patterns of events) will 
be analogous to or correspond directly to the self-similar logarithmic scaling of TMMT 
frequencies of Shaw and Chouet (1991, p. 10,205).

References:

Bak, P. and C. Tang, Earthquakes as self-organized critical phenomena, J. Geophys. 
Res., 94, p. 15,635-16,637, 1989.

Bak. P. and K. Chen, Predicting earthquakes, in L Lam and H. C. Morris, eds., 
Nonlinear Structures in Physical Systems: Pattern Formation, Chaos, and 
Waves, p. 113-118, New York, Springer-Verlag, 1990.

Bak, P., C. Tang, and K. Wiesenfeld, Self-organized criticality, Phys. Rev. A, 38, p. 364- 
374,1988.

Chouet, B., Ground motion in the near field of a fluidfdriven crack and its interpretation 
in the study of shallow volcanic tremor, J. feeophys. Res., 86, p. 5985- 6016, 
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Investigations:

The objective of this study is to characterize active crustal faults in the greater Los 
Angeles area utilizing growth fault-bend and fault-propagation fold theory. Emphasis is 
placed on using long term fault slip rates and axial surface maps to predict potential future 
earthquake magnitudes and recurrence intervals on thrust faults beneath the Santa Barbara 
Channel. 
Results:

Method: We present a straightforward method of estimating fault surface area 
from maps of axial surfaces constructed through a dense grid of high resolution seismic 
reflection profiles in the eastern Santa Barbara Channel. Using empirical relationships 
between fault surface rupture area and earthquake magnitude (Kanamori and Anderson, 
1975), estimates of the size of unsegmented fault surfaces yield predictions of the size of 
potential past and future seismic fault ruptures. In addition, the amount of slip during these 
potential seismic events can be estimated by comparison to modern earthquakes of similar 
size in the region. Further, the amount of slip released in individual events divided by the 
long term slip rate on the causative fault yields the recurrence intervals of these potential 
earthquakes.

Fault-bend and fault-propagation fold theory (Suppe, 1983; Suppe and Medwedeff, 
1990), model the development of folds in the upper crust in response to slip on underlying 
non-planar fault surfaces. Folds grow by kink band migration with deformation of the 
over-ridding block localized along active axial surfaces pinned to fault bends. Maps of 
these axial surfaces projected to surface provide direct information on the location, 
geometry, and slip history of the underlying fault(s), (Suppe et al., 1989). The width of 
kink bands is directly related to long term fault slip, and offsets and/or changes in the 
directions of axial surfaces mark changes in subsurface fault geometry (Fig. 1). 
Subsurface tear faults which offset axial surfaces may act to segment the fault, and 
therefore limit the area of rupture in a single event. The extent of unsegmented fault 
surfaces which may rupture in a single event, are evidenced on axial surface maps by kink 
bands of constant width and direction.

Empirical relationships between the magnitude of earthquakes (Ms) and the fault 
area rupture are derived by Kanamori and Anderson (1975) and others from recent 
earthquakes in southern California and throughout the world. Unsegmented fault surface 
areas can be used in the following equation of Utsu and Seki, (1954):

log S = 1.02 M - 4.01
(where S is the rupture area in km2; M is « surface wave magnitude, Ms) 

to predict the magnitude of the earthquake that may rupture the fault. Moreover, the 
amount of slip released during an event of this size can be estimated by comparison to 
recent similar events in the area for which the amount of coseismic slip is known.

Syntectonic sediments deposited atop these fault-related folds coeval with motion 
along the underlying faults, quantitatively record rates of fold growth and fault slip (Suppe 
et al., 1991). Sediments deposited adjacent to folds early in the slip history of the 
underlying fault record wider kink band widths than do sediments deposited later (Fig. 2). 
These narrowing upward kink bands, or growth triangles, have been recognized in seismic 
reflection profiles in the Santa Barbara Channel, Los Angeles Basin, and throughout the
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world (Suppe et al., 1991). Ages of syntectonic or growth sediments within these kink 
bands, determined by independent methods, provide slip rates on the underlying 
subsurface faults.

Recurrence intervals of potential earthquakes which rupture unsegmented fault 
surfaces can be determined in cases where the long term slip vectors on the underlying 
faults have been calculated. In cases where fault motion occurs only in seismic events, the 
slip released in a single earthquake, divided by the long term slip rate, yields the time span 
between ruptures required to accommodate long term fault slip.

Santa Barbara Channel: In our previous investigations (Shaw and Suppe, 
1991; Suppe et al., 1991), we have identified a number of blind thrust fault beneath the 
eastern Santa Barbara Channel in southern California. One of these deep seated thrusts 
ramps upward at a fault bend located at > 16km depth. Slip over this fault bend onto this 
ramp has formed a kink band bounded by axial surfaces which we have mapped through 
our dense grid of seismic reflection data (Fig. 3). The active axial surface (A) of the fold is 
seen in reflection profile to deform recently deposited near sea bottom sediments, indicating 
that the underlying thrust fault remains active. In addition, syntectonic sediments deposited 
atop the fold form a narrowing upward kink band, or growth triangle, which bounds the 
northern edge of the structure along the offshore Oak R}dge trend (Fig. 3). Analysis of 
growth sediments within this fold yield a Pliocene and Quaternary slip rate of 1.7 mm/year 
on the underlying fault.

The map of the axial surfaces of this kink band, presented in Figure 3, show that 
the active axial surface (A) is not offset for 40 km from offshore of the Ventura Basin to 
due south of the city of Santa Barbara. This suggests that the fault ramp is not offset by 
major tears, and that offsets in the inactive axial surface (A1) are due to changes in fault slip 
along strike. Further, the depth of the fault bend and the dip of overlying kink band 
suggest that the fault must approach the sea bottom to the south of Santa Cruz Island. The 
1840 km2 area of this ramp therefore defines a section of the fault which may rupture in a 
single seismic event. Using the relationship of Utsu and Seki (1954), this fault area would 
rupture in a Ms = 7.1 earthquake. If we assume that roughly 2 meters of slip is released in 
this size earthquake (similar to the slip of the Ms = 7.1 1989 Loma Prieta oblique, right- 
lateral reverse event in central California), this suggests that the earthquakes must recur 
roughly every 1,200 years. Additional mapping of this structure to the west of the city of 
Santa Barbara is required in order to determine if the fault continues at depth beneath the 
tear fault which bound the western edge of the predicted fault surface rupture (Fig. 3). 
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Figure 1: A balanced 3-dimensional models of fault-bend folds which have 
grown during slip on an underlying non-planar thrust fault. In (A), axial 
surfaces projected to the surface run parallel in map view above fault 
ramps with constant slip. However, axial surface pairs are offset above 
subsurface fault tears, shown in the cut away of (B).
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growth

pre-growth

Fault Slip Rate (S) =
Agex -Agey

Figure 2: A fault-bend fold model in which a kink band forms above a bend 
in the underlying thrust. Syntectonic, or growth, sediments deposited atop 
the fold form a narrowing upward kink band or growth triangle, as sediments 
deposited earlier in the slip history record a wider kink band width than do 
sediments deposited later. In cases where the age of selected horizons (x,y), 
are known, the fault slip rate can be determined.

Santa Barbara

Area=1840km

    = Active axial surface 
= Inactive axial surface

nacapa Islands

Figure 3: A map of axial surfaces in the eastern Santa Barbara Channel, 
California. The axial surfaces bound a kink band formed during Pliocence 
and Quaternary motion on an underlying oblique, right-lateral blind thrust. 
Continuity of the active axial surface (A) suggests that the underlying fault 
ramp, which approaches the surface south of Santa Cruz Island, is continuous 
over an area of at least 1840 square km.
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Introduction
This report describes work accomplished in the second year of this project. The first year and 

first quarter of the second year of this project primarily involved an intensive data collection effort. 
Work in the past 9 months has emphasized data processing and analysis. Our short-term aim early 
in this project was to increase the density of geodetic monumentation and measurements along the 
southern San Andreas fault and across the Los Angeles region. Longer-term goals are to 
accomplish this along other segments of surficial fault traces in southern California, and to initiate 
studies of block rotation in close coordination with the Southern California Earthquake Center 
(SCEC). We primarily utilize Global Positioning System (GPS) technology to perform high- 
accuracy surveys of relatively dense survey networks across active faults and folds.

Caltech's earthquake geodesy project was established to collect and interpret interseismic and 
coseismic geodetic data in southern California. Our approach combines measurements of diverse 
baseline lengths, depending on the depth to seismogenic structures and anticipated interseismic and 
coseismic deformations within a particular network.

During 1990 and 1991, we have established approximately 30 new monuments of high quality 
along the southern San Andreas fault, and have made GPS measurements to approximately 100 
other existing geodetic monuments judged to be of good quality (and often having useful historical 
survey data) throughout Southern California. This field work was accomplished for 
extraordinarily low total cost to NEHRP because of our ability to obtain major field support from 
local government survey organizations. Our work has been concentrated so far in three locations; 
the southern San Andreas fault (from Cajon Pass to Bombay Beach), the Los Angeles Basin, and 
Parkfield. Our emphasis has been upon establishing excellent geodetic coverage where it was most 
needed; in large spatial gaps in the Los Angeles Basin, and intermediate-baseline coverage along 
the southern San Andreas fault.

Our major Inter-County GPS survey of February and March 1991 was completed successfully, 
with Caltech's supervision of GPS measurements on -70 stations. Five of these were observed 
continuously, and the rest were each observed for 3 six-hour sessions with codeless receivers. 
The survey covered the areas of Los Angeles, Orange, San Bernardino, and Riverside Counties 
(Fig. 1). Government survey organizations in each of these counties provided considerable 
support for this Caltech-managed and designed project. Caltech accomplished this entire field 
survey for <$7,000 of NEHRP funds. Through agreements established by Hudnut for the Inter- 
County survey, this $7,000 was matched by a total of approximately $115,000 of outside field 
support from participating local governments. This effort accomplished a complete resurvey of the 
Los Angeles Basin network, resurvey of the Orange County GPS network (first observed with 
GPS by Orange Co. in 1988), addition of ~15 new sites along the San Bernardino Mtns. segment 
of the San Andreas fault, and merging of data from these 70 stations with the VLBI network and 
the adjacent Salton Trough - Riverside County (STRC) network that we have helped to establish 
with MIT, Lamont-Doherty, NGS and others.

In the Los Angeles Basin, our goal is to identify the slipping and locked patches of the 
detachment faults underlying the Basin with repeated GPS surveys and historical data. Similarly, 
repeated surveys of our arrays along the southern San Andreas fault will help us to identify 
localized locked and aseismically slipping fault patches. Remeasurement of these arrays would, 
for instance, help to pinpoint the source of any large aseismic slip signals observed on the 
continuously-operating instruments at Pinon Flat or around the Salton Sea. An additional motive is
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to understand better the relationship of surficial structures and future surficial coseismic slip to 
deep slip on the fault.

Caltech GPS Stations in Southern California

Fig. 1 Summary map of most of the Caltech GPS sites established in 1990 and 1991 (shown as dots). All sites 
surveyed by us or under our supervision by the four Counties shown (Riv. Co., Orange Co., San Berd. Co., and 
LA Co. & City) are included. Also shown are the main VLBI and bedrock monument stations we have used 
extensively for control in our surveys.

Investigations Undertaken
Field Work:

February / March 1991: About 20 receivers operated uhder our direction by local government 
agencies during 19 days of surveying, adding ~50 new high-accuracy stations in key areas (see 
Fig. 1). Also, participated in the STRC91 survey again this year, and simultaneously ran 8 
receivers in Orange Co. Total of ~380 receiver-days of data were collected.

June/July 1991: Post-earthquake survey for study of the Sierra Madre earthquake. Several of 
our Los Angeles network GPS stations nearest to the epicenter were reoccupied for a few days 
each. A 13.6 km baseline between JPL and station JEFF (~N/S oriented line) was occupied 
for one month following the event to investigate postseismic motion. Site stability at the JPL 
Mesa was tested by re-observing ties to two reference monuments. 

Data Processing:
February 1991 through August 1991: Learned use of the Bernese v 3.2 software primarily from 

Shawn Larsen at Caltech. This approach was used to process the 1990 Los Angeles Survey 
data set and approximately one-third of the 1991 Inter-County Survey data set. Also, a one- 
month occupation of a single line from Palos Verdes to JPL was analyzed to study errors. 
Broadcast orbit solutions for all of these data sets were obtained. During the Sierra Madre 
post-earthquake study, it became apparent that the Betnese broadcast orbit solutions were not 
sufficiently accurate (accuracies were often as bad as|±1.5 cm in horizontal components, and 
±3 cm in vertical), and editing of the data was cumbersome. Particular difficulty was 
encountered in processing tracking data from certain CIGNET stations. These factors provided 
motivation to use alternative software.

624



II

August 1991 through Present: Learned use of the GAMIT software from Yehuda Bock and 
many others. This approach was used to re-process all relevant pre- and post-earthquake data 
for the study of the Sierra Madre earthquake. Learned to solve for orbits using the global 
tracking data, and learned more sophisticated techniques. This change in processing methods 
produced quite dramatic improvement in the solution accuracies attained (accuracies usually 
about ±0.5 cm in horizontal components, and ±1 cm in vertical). Progress on the Inter-County 
'91 survey at this stage includes solved-orbit solutions for several of the key days with good 
tracking data. For these days, full solutions of data from all of the field receivers have been 
obtained with accuracies at or near the levels obtained for the Sierra Madre earthquake studies. 
Recently we have learned from discussions with colleagues of some new ways to possibly 
improve on this, for instance loosening station constraints at the Rogue tracking stations, and 
using stochastic troposphere estimation. We are in the process of attempting these new 
solutions that may improve our results even more if we are correct.

Results Obtained
For the 1990 Los Angeles survey, all of the data have been processed by the Bernese software 

to broadcast orbit solutions. Results of this method are summarized statistically based upon 
vectors that were measured 3 times in that survey. This statistical summary is given in the last 
column of Table 1, and the averaged r.m.s of baseline repeatability is given in the final row and 
column. Repeatability in baseline length is approximately ±8 mm. Note that baselines with larger 
errors have in common a few stations, implying that cyJfe slips may remain in these solutions. Re­ 
processing of these data with GAMIT during early 1992 will remove these cycle slips and improve 
the solutions.

These data will all be re-processed in the next few months using GAMIT and solving for 
orbits. The data set from local stations is good (all from Trimble 4000SST's), with the exception 
of a few stations where radio frequency interference is a problem. The global tracking data from 
this interval are from the CIGNET stations and are of variable quality.

Part of the Inter-County data set from 1991 has been processed by two methods; 1) by the 
Bernese software to broadcast orbit solutions, and 2) by the GAMIT software to solved-orbit 
solutions. Because certain days of this survey were particularly important in light of the Sierra 
Madre earthquake, those days have been emphasized in our processing by GAMIT. The days on 
which the VLBI stations were observed have also been emphasized, partly through the work of 
Richard Zitola and Cindy Machacek, Caltech undergraduates who participated in our research 
through the Summer Undergraduate Research Fellowships (SURF) program. Full solutions of all 
global tracking as well as all southern California stations have been run for several days with good 
success, but we are attempting to improve upon these few full solutions before proceeding to 
processing all of the days' data from the Inter-County survey.

Data processed by GAMIT from before and after the Sierra Madre earthquake have given us 
solved-orbit solutions with accuracies of a few millimeters in most cases. We have achieved this 
level of accuracy through great efforts to quickly become skilled in use of the GAMIT software, 
and at this stage we are pleased with the results we can obtain with GAMIT. We benefit greatly 
from the GAMIT software development over many years by Bob King, Yehuda Bock and many 
others that has allowed us to quickly make great strides in improving our data-processing 
capabilities. The problematic aspects of the Bernese software we find to be much easier with 
GAMIT, particularly editing 'difficult1 CIGNET data and overall ease of data editing. Our results 
on the Sierra Madre earthquake study were summarized at the Fall AGU meeting and will be 
published shortly.

Reports Published
We have two papers in preparation that are directly results of work funded by this project. 

These two papers are; 1) Crustal Deformation in the Los Angeles, California Region and 2) 
Geodetic Study of the Sierra Madre Earthquake. Both papers will be in press shortly. An
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additional paper concerning modelling of aseismic slip on detachment fault systems abutting strike- 
slip faults is in preparation for a JGR special issue - research for this paper has also been made 
possible by support from this USGS grant.

Table 1. Bernese v 3.2 Broadcast Orbit Solutions & Statistics for Baseline Length Repeatability
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0240->0280
0240->0280
0240->0280
0240->0330
0240->0330
0240->0330
0240->0350
0240->0350
0240->0350
0240->0370
0240->0370
0240->0370
0240->1000
0240->1000
0240->1000
0280->0330
0280->0330
0280->0330
0280->0350
0280->0350
0280->0350
0280->0370
0280->0370
0280->0370
0280->1000
0280->1000
0280->1000
0330->0350
0330->0350
0330->0350
0330->0370
0330->0370
0330->0370
0330->1000
0330->1000
0330->1000
0350->0370
0350->0370
0350->0370

NORTH_M

-294.1974
-294.1965
-294.2039

12981.3783
12981.3778
12981.3778
13725.4324
13725.4281
13725.4397
23562.9478
23562.9365
23562.9346
-43930.5431
-43930.5407
-43930.5421
13366.4905
13366.4891
13366.4966
14043.4921
14043.4868
14043.5057
23887.1958
23887.1834
23887.1889
-43614.0261
-43614.0246
-43614.0186

743.7051
743.7012
743.7124

10579.6906
10579.6799
10579.6773
-56911.3005
-56911.2976
-56911.2996
9840.3804
9840.3734
9840.3597

EAST_M VERT_M

29503.4263
29503.4233
29503.4345

464.8247
464.8292
464.8247

21861.385
21861.4001
21861.4472
19885.7995
19885.8592
19885.8481
22435.8393
22435.8329
22435.8383
-28997.5104
-28997.5029
-28997.5175
-7597.3389
-7597.3209
-7597.2846
-9545.7099
-9545.6472
-9545.6696
-7201.5367
-7201.5401
-7201.5459
21396.6224
21396.633

21396.6846
19421.4658
19421.521

19421.5145
21968.2583
21968.2473
21968.2573
-1955.3954
-1955.3507
-1955.4092

-10.8583
-10.8525

-10.88
195.2247
195.2185
194.9458
-154.0146
-154.0087
-154.0961
632.9812
632.9547
632.9663
-583.9627
-583.9578
-583.9838
71.2941
71.2821
71.0367

-179.1139
-179.1137
-179.1735
598.2897
598.2577
598.2966
-603.7326
-603.7334
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-346.1614
-346.1494
-345.964
460.78

460.7597
461.0441
-893.8176
-893.8065
-893.5599
801.469

801.4368
801.5356

LENGTH_M DAY

29504.8951
29504.8921
29504.9034
12991.1646
12991.1641
12991.1599
25813.3951
25813.4056
25813.4522
30839.2315
30839.2608
30839.2524
49331.5367
49331.5316
49331.5356
31929.9822
31929.9747
31929.9906
15967.8211
15967.8078
15967.8079
25730.8502
25730.8147
25730.829

44208.7083
44208.7075
44208.7025
21412.3417
21412.3519
21412.4009
22120.9292
22120.9721
22120.971

61010.6499
61010.6432
61010.645
10064.7409
10064.7228
10064.7287

1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7
1
4
7

MEAN&
STDV M
29504.89687
0.008278084

12991.16287
0.003650571

25813.41763
0.042981469

30839.24823
0.021337448

49331.53463
0.003795611

31929.9825
0.011249

15967.81227
0.010818811

25730.8313
0.02525985

44208.7061
0.004445222

21412.36483
0.04475742

22120.95743
0.034587377

61010.64603
0.00490374

10064.7308
0.013054501
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4-7
4-7
4-7
6-7
6-7
6-7
10-7
10-7
10-7
16-7
16-7
16-7
19-7
19-7
19-7

0350->1000
0350->1000
0350->1000
0370->1000
0370->1000
0370->1000
1000->0260
1000->0260
1000->0260
1000->0190
1000->0190
1000->0190
1000->0210
1000->0210
1000->0210

-57656.1
-57656.0932
-57656.1063
-67493.8005
-67493.7869
-67493.7862
42717.9532
42717.9593
42717.9494
33380.3612
33380.3652
33380.372

35433.4199
35433.4297
35433.4159

441.8775
441.8559
441.8138

2410.9515
2410.8849
2410.9016

-10085.9336
-10085.9412
-10085.946
-6739.8062
-6739.8088
-6739.8103

-17722.8571
-17722.8593
-17722.8649

-552.4827
-552.4837
-552.4226

-1459.1681
-1459.1367
-1459.1743
334.5463
334.5177
334.5383
-87.6316
-87.6372
-87.6237
337.088

337.0585
337.0873

57660.4402
57660.4333
57660.4454
67552.6089
67552.5922
67552.593

43893.7525
43893.7599
43893.7516
34054.092
34054.0964
34054.1034
39619.9513
39619.9607
39619.9511

1
4
7
-1
4
-7
2
3
5
3
6
8
6
8
9

avg.

57660.43963
0.008584094

67552.59803
0.013320911

43893.75467
0.006441014

34054.09727
0.008130601

39619.95437
0.007758007

0.015186318
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Low Frequency Data Network

Semi-Annual Report

S. Silverman, K. Breckenridge, J.\Herriot
Branch of Tectonophysics

U. S. Geological Survey
Menlo Park, California 940$5

415/329-4862 
November 9, 1991

9960-01189

Investigations

[1] Real-time monitoring, analysis, and interpretation of strain, creep, magnetic, tilt and other 
low frequency data within the San Andreas fault system and other areas for the purpose of 
understanding and anticipating crustal deformation and failure.

[2] Enhancements to satellite-based telemetry system for reliable real-time reporting and archiv­ 
ing of crustal deformation data.

[3] Development and implementation of backup capablities for low frequency data collection sys­ 
tems.

[4] Specialized monitoring, including automated alerts, and display of data relevant to the 
Parkfield region.

Results

[l] Data from low frequency instruments in Southern and Central California have been collected 
and archived using the Low Frequency Data System. Inj the six months measurements from 
over 100 satellite platforms have been received via satellite telemetry and subsequently 
archived by Low Frequency Network computers for analysis.

[2] The project has operated a configuration of an Integrated Solutions (ISI) V24S computer run­ 
ning under the UNIX operating system, with a Sun Microsystems 4/65 serving as data stor- 
gage backup. A Sun Microsystems 4/75 computer is beirig installed to eventually replace the 
ISI system. The new computers provide more reliable computing and increased speed and 
data storage capacitiy. Data from the Network are available to investigators in real-time 
and software for data display and analysis is available. Tectonic events, such as creep along 
the fault, can be monitored while still in progress. Also, periodic reports are produced which 
display data collected from various groups of instrumentation.

[3] The project continues to use a five meter satellite receiver dish installed in Menlo Park for 
retrieval of real-time surface deformation data from California and South Pacific islands. 
The GOES geostationary satellite together with transmit and receive stations make possible a 
reliable real time telemetry system. Further expansion of the number of platforms monitored 
is ongoing. A new satellite receive station is being installed to improve data telemetry 
receipt from the aging GOES satellite.

[4] The project continues to take an active part in the Parkfield Prediction activities. 
Automated alerts for signals which may indicate anomolous tectonic activity notify personnel
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in real time. Kate Breckenridge is the monitor for Parkfield creep events, which includes con­ 
tact via paging system during periods of increased activity. Stan Silverman is the alternate 
monitor for Parkfield strainmeter data, which also includes contact via paging system for 
alerts. Also, data collection and computer operations are automatically monitored for abnor­ 
mal activity and project members are paged for in the event of problems with either.

[5] The project has continued to provide real-time monitoring of designated suites of instruments 
in particular geographical areas. Terminals are dedicated to real-time color graphics displays 
of seismic data plotted in map view or low frequency data plotted as a time series. During 
periods of high seismicity these displays are particularly helpful in watching seismic trends. 
The system is used in an ongoing basis to monitor seismicity and crustral deformation in 
Central California and in special areas of interest.

[6] As part of the Bay Area region study, new display facilities have been purchased to provide 
improved monitoring and other graphic displays. An area of Menlo Park Building 7 is being 
upgraded to provide better facilities for public outreach and media communications. 
Currently, most of the display equipment has been received and the public area is about to 
be modified.
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Parkfield Area Tectonic Framework

9910-04101

John D. Sims 
Branch of Engineering Seismology and Geology

U.S. Geological Surve^
345 Middlefield Road, M§ 977
Menlo Park, California 94025

(415) 329-5653

Investigations

1. Late Holocene and historic slip rates in the Carrizo Plain and Parkfield segments of the San 
Andreas fault

2. Earthquake recurrence intervals determined from earthquake-induced liquefaction structures 
formed in unconsolidated sediments

3. Late Holocene and historic creep rate on the Green Valley fault, northern San Francisco Bay area

Continued work on the Carrizo Plain at the Phelan site. We will conduct the final session of 
trenching in May 1992. This session will complete th0 work begun in the grabben last year. I 
will also collect additional details to support our inferences on the timing of individual events 
along the locked segment of the San Andreas.

The current estimation is that we can determine the date of the past 6 earthquakes on the Carrizo 
Plain as well as the slip per event for the past two evenis. Work is progressing on extending the 
slip per event to the older events in the last six earthquakes. The date of individual events and 
their maximum slip at the Phelan site are listed in the liable below.

Event

I

II

HI

IV

V

VI

Date (AD)

1857

1616

1376

1169

1011

845

Slip per Event

7.5m

7.5m

7

7

7

7

Our network of surveyed quadrilaterals, established on the San Andreas, White Canyon, Red 
Hills, Gold Hill, and Gillis Canyon faults in the ParkfieM-Cholame area, totals 19 quadrilaterals. 
Fifteen quadrilaterals lie across the San Andreas, 2 on the White Canyon, and one each on the 
Red Hills and Gold Hill faults. These quadrilaterals are resurveyed every 2 months to gain 
background information on the sites prior to the next Parkfield earthquake.
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2. Following the 17 October 1989 Loma Prieta earthquake I began a project to study earthquake- 
induced liquefaction structures caused by the 1906 San Francisco earthquake, and the 1989 Loma 
Prieta earthquake and its April 1990 aftershock. The 1989 and 1990 events formed compound 
sandblows in sediments of Soda Lake near Watsonville, California. The objective of the project 
is to investigate areas that liquefied in response to shaking by the 1906 and 1989 earthquakes. 
I will compare relationships between structures formed in the 1906 and 1989 earthquakes and 
structures formed in Soda Lake by the 1989 Loma Preita earthquake and its 1990 aftershock.

Current investigations are centered on trenches excavated at three sites that had soil liquefaction 
events in either the 1906 San Francisco or the 1989 Loma Prieta earthquakes, or both. One site, 
near Spreckles had ground fissuring and sand blows developed in the 1906 earthquake. I located 
trenches at or near those fissures and sand blows as determined from photos taken just after the 
1906 earthquake. A second site, the Scattini Farms near Castroville, was affected by soil 
liquefaction in both 1906 and 1989. I excavated trenches at this site using the 1989 fissures as 
a guide. The third site, Miller Farms near Watsonville, was affected by soil liquefaction in 1989 
and presumably in 1906. I excavated trenches at this site using the 1989 fissures as a guide.

The Spreckles site proved to not have preserved a record of liquefaction resulting from the 1906 
earthquake. The Salinas River, along which the site lies, flooded in the early 1920's. The effect 
of the flood was to erode the banks and deposit younger materials on the floodplain. Thus, the 
record of the 1906 liquefaction event was destroyed.

The Scattini site yielded a record of two liquefaction events-the 1906 and the 1989. The 1989 
fissures and sandblow deposits were easily observed even though the cultivated fields in which 
they occur had been leveled, plowed and disked. The fissure walls were clearly exposed in our 
trenches and the sand dikes were easily traceable up to the bottom of the recent plowed zone. 
The fissures assigned to the 1906 earthquake were less clear. The fissure boundaries were 
traceable but the contrast between the sand dike sediment and the host strata was more subtle than 
with the 1989 dikes. No surface sand blow material was observed and the termination of the 
sand dike ended well below the recent plowed zone.

The Miller Farms site yielded a record of the 1989 soil liquefaction event. This site, as the 
Scattini site, had been leveled, plowed and disked in preparation for new crops. All fissures and 
sand dikes continued up into the recent plowed zone. This site lies along the Pajaro River and 
may have been affected by flooding in the early 1920's floods. Thus, this site too may have had 
the record of the 1906 soil liquefaction event removed as well. I am in the process of evaluating 
several other sites and plan on trenching at least one more this fiscal year. The main requirement 
for this additional site is that it have liquefied in at least both the 1906 and 1989 earthquakes and 
preferably earlier earthquakes. Excavation of this trench site would then be followed by a paper 
describing our findings to date.

We completed the paper on our findings at Soda Lake near Watsonville, Calif. The sediments in 
Soda Lake were shaken by one more earthquake, an aftershock in the Loma Prieta series, of 
M=4.6 on March 23, 1991. Shaking from this earthquake induced a third episode of liquefaction 
in the sediments of Soda Lake. To our knowledge this will be the first report of three 
liquefaction events at a single site.

In my current research, primarily directed at the study of earthquake-induced liquefaction 
in fluvial sediments, I discovered that the fluvial sediments commonly do not preserve 
earthquake-induced liquefaction structures. I compared the environments of preservation of 
earthquake-induced liquefaction structures and found that they are best preserved in fluvial 
systems whose meander belt is a small fraction of the valley width (e.g., Wabash and Mississippi
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River valleys). In more tectonically active areas, such as the west coast of the U.S. streams are 
generally more youthful and the meander belts of streams are a large fraction or the same width 
as the stream valley. Thus, the shifting meanders of the streams rapidly destroy the record 
paleoliquefaction in fluvial sediments. Processes similar to stream meandering affect tidal 
sediments thus they can also be expected to yield poor records of paleoliquefaction.

3. The Green Valley fault stretches from the Carquinez strait northwestward at least 30 km to 
Wooden Valley. However, plots of earthquake epicenters suggest that the fault extends 
northwestward for at least another 22 km. The fault li^s in a rapidly expanding part of the Bay 
area and is crossed by 1-80. Earthquakes on this fault wi}l affect the Fairfield-Suisun-Benicia area 
and the 1-80 corridor. Much of the development in this area is occurring or planned for the low 
lying areas of high water table. The fault was first mapped as an active fault by Sims and 
others(1973) as an active fault. Later mapping by Frizzell and Brown (1976) further detailed the 
geomorphic features that delineate the fault. The Green Valley fault is the northernmost active 
fault of the San Andreas transform System in the bay area and is related to the Concord fault as 
either a stepover or splay. The northwest extension of the fault is difficult to recognize because 
of the large number of landslides. There are no known connections between the Green Valley 
and other faults to the north. However faults with strikes similar to the Green Valley lie in the 
Clear Lake area (Sims, oral commun., 1974 cited in Frizzell and Brown, 1976).

Two man made features are offset by the Green Valley Fault. A power line built in 1922 is 
offset 280 ± 10 mm and a fence built prior to 1862 is offset about 250. These two offsets yield 
modern slip rates of between 5.5 and 2.25 mm/yr (Frizzell and Brown, 1976). Seismic activity 
on the fault is nearly coincident with the mapped trace.

In field investigations I have identified several locations that present good opportunities for trench 
investigations aimed at determining late Holocene slip rate for the Green Valley fault. One site 
is not accessible owing to the landowners development activities. However, I was able to 
negotiate a right of entry to a site owned by the City of Santa Clara. We have completed all the 
requirements and will conduct the trenching work in early October 1991.

This site consists of a small alluvial fan terrace at the junction of two intermittent streams. The 
trace of the Green Valley fault is clearly expressed in the alluvial fan terrace by several moist 
spots accompanied by green vegetation. On nearby hillsides low scarps are easily identifiable. 
Thus I am confidant of the location of the fault. Present also on the alluvial fan terrace is a an 
abandoned stream channel that is parallel to the present active stream. The stream channel is 
abruptly truncated where the fault is mapped. This gives rise to every expectation that the 
amount of tectonic offset of the stream can be measured and dated

Reports

Sims, J.D., and Hamilton, J.C., 1990, Geologic map of the San Andreas fault zone in the Cholame 
Quadrangle, San Luis Obispo County, California: U.S. Geological Survey Miscellaneous Filed 
Studies Map MF-2170, scale 1:24,000.

Fletcher, J.B., Baker, L.M., Spudich, Paul, Goldstein, Peter, a^id Sims, J.D., in press, The Parkfield, 
California dense seismograph array: Seismological Society of America Bulletin, v. , p. .

Sims, J.D., and Garvin, C.D., in press, Sandblows and Sand Di^ces Developed in the 1989 Loma Prieta 
Earthquake, 1990 and 1991 Aftershocks: Implications fdr Paleoseismicity Studies: Submitted to 
Seismological Society of America Bulletin.
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Digital Data Analysis 

9920-01788

Stuart A. Sipkin
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Invest igations

1. Moment Tensor Inversion. Apply methods for inverting body phase wave­ 
forms for the best point-source description to research problems.

2. Other Source Parameter Studies. Apply methods for inverting body phase 
waveforms for distributed kinematic and dynamic source properties.

3. Aftershock Source Properties. Examine raainshock and aftershock source 
properties to study the mechanics of aftershock occurrence.

4. Broadband Body-Wave Studies. Use broadband body phases to study lateral 
heterogeneity, attenuation, and scattering in the crust and mantle.

5. Earthquake Recurrence Statistics. Use earthquake recurrence statistics 
and related parameters to better understand the earthquake cycle and study 
how they can be used for prediction and forecasting purposes.

6. Earthquake Location Studies. Study techniques for improving the robust­ 
ness, honesty, and portability of earthquake location algorithms, and 
participate in the construction and implementation of new standard travel- 
times for routine earthquake location.

7. Network Activity. Participate in international endeavors aimed at 
increasing the installation, deployment, and operation of modern worldwide 
digital seismic networks, especially within areas where seismic-station 
coverage is poor, for the routine reporting of earthquake arrival-time 
information.

8. Data Services. Provide seismological data and information services to 
the public and to the seismological research community, particularly data 
from the Global Digital Seismograph Network (GDSN) on SEED tapes, Network- 
Day tapes, Network-Event tapes, and Network-Event CD-ROM's.

9. NEIC Monthly Listing. Contribute both fault-plane solutions (using 
first-motion polarity) and moment tensors (using long-period body-phase 
waveforms) for all events of magnitude 5.8 or greater when sufficient data 
exists. Contribute waveform/focal-sphere figures of selected events.
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Results

1. Moment Tensor Inversion. A paper listing moment-tensor solutions for 
201 moderate-to-large size earthquakes occurring in 1988 and 1989 has been 
published, and a paper listing the moment-tensor solutions for 114 moderate- 
to-large size earthquakes occurring in 1990 is in press. A study of struc­ 
tural complexity in seismogenic zones using earthquake mechanism catalogs is 
continuing. The differences in mechanism for nearby earthquakes are 
quantified and compared to the differences expected based on the uncertain­
ties in the moment-tensor solutions. In areas where the differences exceed
those expected, we hypothesize that these differences are due to variations 
in the orientation of the fault surface(s).

2. Other Source Parameter Studies. Linear and nonlinear methods of wave­ 
form inversion are being implemented to derive the distributions of rupture 
time and/or fault slip as a function of position on the earthquake fault. 
These methods can be applied to either teleseismic or strong-motion data 
sets, although a joint inversion including both types of earthquake data 
provides a maximum constraint on the recovered rupture history. Seismograms 
recorded through a wide range of frequencies ([e.g. broadband records) are 
used whenever possible to retrieve significant details of the coseismic slip 
pattern. A linear method that inverts for the total slip as a function of 
position on the fault has been applied to teleseismic body-wave data 
recorded for the 1989 Loma Prieta earthquake and for several recent large 
subduction earthquakes along the Mexico coast.

3. Aftershock Source Properties. Work is continuing on the comparison of 
aftershock locations with distribution of fault slip derived from observed 
waveform data, especially for interplate thruslt events.

4. Broadband Body-Wave Studies. A data set of relatively broadband shear- 
wave data has been assembled for the purpose of studying deep discontinuit­ 
ies in the Earth. Another data set has being assembled for the purpose of 
identifying near-receiver scattering of seismic waves. Software for both 
studies is being developed. While trying to recover broadband ground dis­ 
placement we discovered that, when deconvolving an instrument response, 
unless one explicitly takes into account the properties of the filters being 
used, either bias or increased uncertainty in the results can be introduced, 
especially when taking integral measures of the displacement pulse. A new 
optimal method for deconvolving the instrument response has been developed 
that avoids the pitfalls inherent in the methods currently used. A paper 
quantifying the bias introduced and presenting this new deconvolution method 
is in press.

5. Earthquake Recurrence Statistics. A paper has been submitted for 
publication in which the "generic," characteristic earthquake, recurrence 
interval, probability density function model has been extended to provide a
marginal distribution for recurrence intervals 
uncertainty in the median recurrence interval.

which is independent of the 
This permits the estimation

of a single preferred value for the conditional earthquake forecast prob­ 
ability.
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6. Earthquake Location Studies. As a result of participation in an IASPEI 
working group, tau-p travel time programs were provided on UNIX and VMS 
platforms. Subsequently, the tau-p package was modified to support the 
generation of a reference Earth model. The software has been updated to 
include the most current proposed IASPEI Earth model, and the number of 
travel-time branches has been doubled. Work has been done on making this 
code more accessible (ie. cleaner user interface, graphics output, documen­ 
tation, specialized code to run on various computers). A journal article on 
the statistics of teleseismic body-wave travel-time residuals has been 
submitted for publication. The results are leading to the development of 
new algorithms using robust estimation techniques. In this work the 
statistics of travel-time residuals, which are well known, are being applied 
directly in the location algorithm. This has lead to improving the meaning- 
fulness of the estimated errors in the locations and in earthquake magni­ 
tude. The estimated errors in the earthquake origin time are now being 
examined. A study of the statistics of later arriving phases will also be 
undertaken.

7. Network Activity. Current programs focus on the Middle America 
Seismograph Consortium (MIDAS) formed to promote the installation of a real- 
time, satellite-based, digital seismic network in Middle America. Also 
there is an ongoing collaboration with Institute de Geofisica personnel at 
the Universidad Nacional Autonoma de Mexico to promote the deployment of a 
Mexican network of digital, broadband seismometers. This network will 
monitor seisraicity throughout Mexico on a real-time basis.

8. Data Services. FORTRAN software to read and extract digital data from 
station tapes (1976-1979) and network day tapes (1980-1987) has been 
developed and distributed to the research community worldwide. Users are 
supported on a variety of computers. A new Standard for the Exchange of 
Earthquake Data (SEED) has been created and tapes are now being produced 
(1988 to present) and distributed by the Albuquerque Seismic Laboratory. 
FORTRAN software has been developed to read and extract the digital data 
from the SEED tapes and this software is being made available to the 
research community. Event tapes have been produced from network day tapes 
for data from 1980 through June 1987 for all events with magnitude 5.5 or 
greater. Data from the event tapes are reformatted and sent to a CD-ROM 
mastering facility for replication. Nine volumes have been produced 
covering 1980 through March 1987. The CD-ROM's are being distributed to 
over 200 universities across the United States and geophysical research 
institutes worldwide. Retrieval software SONIC (C) and CDRETRV (FORTRAN), 
has been developed for the IBM/PC/AT/386 compatibles and distributed, 
allowing easy access to the digital data.

9. NEIC Monthly Listing. Since January 1981, first-motion fault-plane 
solutions for all events of magnitude 5.8 or greater have been contributed 
to the Monthly Listings. Since July 1982, moment-tensor solutions and 
waveform/focal-sphere plots have also been contributed. In the last six 
months, solutions for approximately 63 events have been published. An atlas 
of European seismicity is in preparation. A complete compilation of 
Mediterranean Sea seismicity is also being prepared.
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Aseismic Creep and Crustal Deformation of Large Normal Faults: 
Implications from the Teton Fault

14-08-0001-G1970

Robert B. Smith and John O.D. Byrd 
Department of Geology and Geophysics

University of Utah
Salt Lake City, Utah 84112

gg-rbs@mines.utah.edu
(801)581-7129

Investigations Undertaken: February 1. 1991-September 31. 1991

1. Participation in the re-survey of the 22 km-long Ist-order level line across the central 
portion of the Teton fault in a cooperative project with Dr. Arthur Sylvester of the 
University of California, Santa Barbara.

2. Determination of the near-surface geometry of the Teton fault by detailed three- 
dimensional surveying of the Quaternary fault trace.

3. Topographic profiling of the hanging-wall of the Teton fault to assess suspected stratal 
tilt associated with large, scarp-forming prehistoric earthquakes.

4. Gravity observations accompanying the topographic profiles across the hanging wall of 
the Teton fault to provide additional constraints on fault geometry at depth.

5. GPS (Global Positioning Satellite) surveys of the Teton fault. 

Introduction

This study focuses on the mechanics of large normal faults and their seismogenic 
behavior as manifested by the Teton fault, Wyoming. The Teton fault is characterized by a 
generally continuous 55 km long series of Quaternary scarps, 3 m to 52 m in height, that 
offset post-glacial (-14,000 year) and younger deposits at base of the precipitous east side 
of the Teton Range (Figure 1). The Teton region is surrounded by zones of active 
seismicity including the historic scarp-forming 1959 Ms =7.5 Hebgen Lake, Montana, 
earthquake, and other zones of extensive Quaternary faulting. On the basis of fault 
segment lengths the Teton fault is considered a major seismogenic structure that has been 
assigned a maximum credible earthquake of Ms = 7.5. In addition, Quaternary deformation 
of the Teton fault hanging-wall associated with prehistoric earthquakes on the fault appears 
to be expressed as asymmetric stratal tilt of the surface topography and Quaternary volcanic 
layers. We also note that the Teton fault coincides with one of the longest continuous 
zones of seismic quiescence within the Intermountain Seismic Belt. Information from our 
age-dating of the southern segment of the Teton fault suggests that it is overdue or "on 
schedule" for a major scarp-forming earthquake.

Results Obtained

1. During the 1991 field season we participated in a precision l sl-order leveling survey 
of the Teton fault level line (Figure 1) in a cooperative survey with Dr. Arthur Sylvester 
and his surveying crew of undergraduate students from the University of California, Santa 
Barbara. This 22 km-long level line was established in 1988 and surveyed to tectonic, l sl- 
order standards in 1988 and 1989. The results of the 1988-89 surveys were reported in
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Sylvester et al. (1991). The 1991 re-survey of the Teton level line also resulted in a 
tectonic,l st-order accuracy and the results of the field work are reported in an 
accompanying report by Dr. Sylvester in this volume and will not be repeated here.

2. A detailed topographic survey of the Quaternary trace of the Teton fault was 
completed this summer along a 15 km portion of the fault trace to assess the three- 
dimensional (x, y, z) near-surface fault geometry. Results of the survey indicate that the 
near-surface structure (total vertical relief is 350 m along the survey route) is characterized 
by a generally steeply east-dipping (55°-90°) plane that can be subdivided into three sections 
that vary in strike from N 14° E to N 43° E (Figure 2). Geometric analysis of individual 
elements of each of these three sections is in progress ai}d suggests that the overall 
geometry of the fault can be described by a conical surface consisting of a series of "ridges" 
and "troughs" that intersect the mountain front at a steep} angle. In addition the "waveform" 
of the fault trace, when viewed perpendicular to strike, Suggests that the ridge-trough 
pattern may be self-similar at a variety of wave lengths (Figure 3). At this time, it is not 
clear if these preliminary observations are indicative of the fault geometry at depth.

Abrupt steps in the location of fault scarps were also documented by the fault 
survey. Our preliminary interpretation is that this is a near-surface phenomenon relating to 
abrupt changes in the thickness and/or changes in elastic properties of near-surface deposits 
adjacent to the fault trace and is not indicative of changes in fault geometry at depth.

3. Detailed surveys of several east-west trending topographic profiles across the 
hanging wall of the Teton fault were completed in July and August, 1991 (Figure 1). 
These profiles were surveyed to assess the extent of westward tilt of the Teton fault 
hanging-wall that may have resulted from multiple, scarp-forming prehistoric earthquakes. 
These data will be used in conjunction with boundary element and elastic dislocation 
modeling to evaluate the amount of Quaternary displacement and subsurface geometry of 
the Teton fault.

4. Detailed gravity surveys, at station spacings at 300 m to 500 m intervals, were 
completed along the topographic profiles to provide additional constraints to be used in 
determining the sub-surface geometry of the Teton fault (Figure 1).

5. This September we also participated in an cooperative University of Utah-National 
Geodetic Survey GPS survey of crustal deformation in tie Yellowstone-Teton region using
Trimble dual-frequency GPS receivers (Figures 1 and 2 . To augment the GPS coverage
of the Teton fault zone, we established one of three continuous-recording GPS base 
stations at the north side of Jackson Hole (station SARG, Figure 1). Six GPS bench 
marks established in the Teton area in 1987 and three marks established along the l sl-order 
level line in 1989 were re-observed in three, six-hour scenarios during the survey. Results 
of the previous surveys of these GPS marks were reported by Meertens and Smith (1991).

The two new GPS stations added along the Teton fault level-line provide needed 
coverage of the footwall block of the fault, complementing the GPS hanging-wall control 
established in 1989 (Figures 1 and 2). The five GPS stations along the level line will 
augment the precision vertical control of the leveling method and will provide near-field 
horizontal control across the footwall/hanging-wall transition of the Teton fault. Tying the 
Teton leveling line to the regional GPS network will also enable us to compare the 
deformation rates in the Teton fault zone with deformation in the adjacent Yellowstone 
caldera and the nearby Hebgen Lake, Montana, fault that ruptured in 1959 with a M$=7.5,
scarp-forming earthquake. The 1991 GPS data are bein 
Bernese software and results are not yet available.
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Figure 1: Location map showing major geographic features and the trace of the 
Teton fault, 1st order level line, GPS sites, topographic and gravity profiles
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Grand Teton

Figure 2: Area covered by detailed three dimensional survey of the Teton 

fault and locations of GPS sites along the 1 st order level line. Western 

GPS sites were established in 1991. Geographic points are included for 

reference.
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ONSHORE-OFFSHORE NEOTECTONICS - NORTH COASTAL ZONE OF OREGON

9460-11032

P.D. Snavely, Jr., Ray E. Wells 
Branch of Pacific Marine Geology and Western Regional Geology

U.S. Geological Survey
345 Middlefield Road, MS-999
Menlo Park, California 94025

(415) 354-3081
FTS 459-3081

Investigations

Drowned marshes and forests of coastal Oregon and Washington may record coseismic 
subsidence of the shoreline during large subduction zone earthquakes (e.g., Atwater, 1987, 
Science, v. 236, p. 942-944; and others). However, new bedrock geology of the northern Oregon 
coast (Snavely et al., 1990; Wells et al., in prep.) shows that Tillamook Bay, Netarts Bay, and 
possibly other estuaries are structurally controlled by major late Cenozoic fault zones that trend 
northwest onto the continental shelf. Estuaries lie on the downthrown block in each case. Some 
of these structures may correlate with features observed on a USGS seismic-reflection line 76-6 
that parallels the coast, about 10 km offshore (fig. 1). A surprising amount of late Cenozoic 
deformation can be seen on this profile on structures that are apparently transverse to the margin. 
Deformation on these transverse fault zones may in part control the subsidence history of adjacent 
downdropped estuaries.

Our investigations address the timing and style of young faulting along northwest coastal 
Oregon through onshore mapping of Quaternary thrust faults exposed in seacliffs and through 
interpretation of the offshore seismic lines. The correlation of the onshore and offshore tectonic 
framework may place constraints on interpretations of workers concerned with co-seismic events 
as disclosed from studies of submerged estuary deposits along this coastal zone. Areas of 
supposed co-seismic subsidence could be of regional extent, or may in part be due to local down- 
warping or downdrop blocks along observed north-trending antithetic faults.

Results

1. Coastal seacliff mapping.

At the north end of Netarts Bay near Happy Camp (fig. 1), Wells, Snavely, and A. Niem 
(Oregon State University) have mapped in detail a 200-m-long and 20-m-high seacliff 
exposing middle Miocene (15 Ma) Columbia River Basalt flows which are cut by a group of 
northeast-dipping low-angle thrust faults (fig. 2). These faults offset Pleistocene gravel-filled
channels and tilt the channel fills up to 25° to the northeast. A later nested Pleistocene channel 
containing abundant logs and other carbonaceous material interbedded in sand and gravel is 
also cut by the thrust faults. The top of the cliff appears to be a fluvial or marine terrace which 
is warped and uplifted over the thrust faults. A buried soil at the top of the cliff appears to be 
thicker on the downthrown side toward Netarts Bay. Dune sand obscures fault relationships 
in the Holocene part of the section. Samples for C^ dating were collected from the youngest 
buried soils and channel fills.
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2. Offshore seismic reflection profiles.

Snavely completed geologic interpretations of three N-S multichannel seismic-reflection lines 
off northern Oregon. USGS line 76-6, which is parallel to the coast and about 10 km west of 
Netarts Bay, indicates that a master thrust underlies folded and faulted strata which may 
correlate in part with the section studied in the seacliffs north of the bay (fig. 3). The onshore 
projection of this master thrust may be contributing to the episodic downwarping of Netarts 
Bay. However, high-resolution seismic profiles on the inner shelf are required to establish 
this correlation.

The west-northwest trending Quaternary thrusts exposed in the seacliff are consistent with N- 
S compression axes determined from present-day crustal earthquakes and well borehole 
breakouts in the Pacific Northwest (references in Snavely and Wells, 1991) and suggest that 
late Cenozoic north-south shortening of the Coast Range is an important element of the present 
tectonic regime.

Reports

Niem, A.R., N.S. MacLeod, P.O. Snavely, David Higgins, J.D. Fortier, J. Meyer, and A. 
Seeling, in press, Onshore-offshore geologic cross section, northern Oregon Coast Range to 
continental slope, Oregon Department of Geology'and Mineral Industries Oil and Gas 
Investigations __, 38 p., 2 plates.

Snavely, P.D., N.S. MacLeod, and D.L. Minasian, 1990, Preliminary map of the Nestucca Bay 
quadrangle, Tillamook County, Oregon, U.S. Geological Survey Open-File Report 90-202, 
scale 1:24,000.

Snavely, P.D., N.S. MacLeod, and D.L. Minasian, 1990, Preliminary geologic map of the 
Neskowin quadrangle, Lincoln and Tillamook Cour ties, Oregon, U.S. Geological Survey 
Open-File Report 90-413, scale 1:24,000.

Snavely, P.D., N.S. MacLeod, and D.L. Minasian, 1991, Preliminary geologic map of the Dolph 
quadrangle, Lincoln, Tillamook and Yamhill Counties, Oregon, U.S. Geological Survey 
Open-File Report 91-277, scale 1:24,000.

Snavely, P.D., and R.E. Wells, 1991, Cenozoic evolution of the continental margin of Oregon and 
Washington, U.S. Geological Survey Open File Report 91-441-B, 34 p.
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Annual Technical Report XXXIII

Modeling and Monitoring Crustal Deformation 
9960-01488 '

Ross S. Stein, Wayne Thatcher, and Qrant A. Marshall
Office of Earthquakes, Volcanoes, and Engineering

345 Middlefield Road, MS 977
Menlo Park, California 94025
Tel 415/329-4840, FTS 459-4840

Fax 415 329 5163

INVESTIGATIONS I

1. We investigated extensional tectonics in continental, mid-oceanic ridge and trench outer 
rise settings.

2. We studied the mechanics of blind thrust faults in the Los Angeles basin, concentrating 
how isolated faults in elastic media interact with the free surface.

!3. Analysis and interpretation of tidal gage data relevant to interseismic deformation at the 
Nankai Trough, Japan, subduction zone.

RESULTS

Extensional and conjugate fault geometries. Examination of data bearing on fault 
initiation and evolution in diverse extensional environments has illustrated their common 
and contrasting features. Earthquake fault plane solutions show that continental and mid- 
ocean ridge pure normal fault dips are concentrated near 45 , while trench outer rise normal 
faults dip about 55 . The absence of significant lithospheric extension near oceanic outer 
rises suggests, as simple faulting theory implies, that normal faults initiate near -60 dip 
and undergo little rotation, while continental and mid-ocean ridge faults rotate and coalesce 
into major seismogenic features as they evolve and are deactivated for dips less than about 
45°. At mid-ocean ridges the degree to which fault-related topography develops depends 
on magma supply rate fluctuations and spreading rate. A simple model of faulting, 
lithospheric flexure and rotation produces synthetic bathymetric profiles that can reproduce 
tectonically-generated relief at slow-spreading ridges. (W. Thatcher and D. Hill)

Mechanics of Blind thrust faults. This is a continuation of work in press by Stein and 
Ekstrom, which analyzed blind thrusting in the San Joaquin Valley. Geodetic and geological 
evidence has revealed that the crust beneath the Los Angeles basin is contracting at a rate of 
~8 mm/yr in a north-south direction, and that a suite of blind reverse and thrust faults 
underlies the basin to accommodate this contraction. \Ye seek to understand the deep fault 
geometry in the Los Angeles basin, to deduce or constrain the fault slip rates and, where 
possible, earthquake repeat times. In addition, we seek, to understand the earthquake cycle 
on the blind faults, and to learn how adjacent blind faults interact as they are stressed and 
relaxed during the cycle. We investigated the shear and dilatation fields associated with
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tapered slip on blind faults, since patterns of aftershocks furnish a means to test whether the 
predicted strain changes are observed in the earth. We examined a suite of fault geometries 
that are found or are believed to exist in the Los Angeles basin, studying the effects of fault 
dip and the proximity of the fault to the free surface.When the fault is deeply buried, a high 
shear strain halo encircles the fault, with slightly concentrated strain at the fault ends. When 
the depth of the fault tip was less than the fault's down-dip width, ground-surface interaction 
significantly modifies the shear and dilatant strain fields, and the halo breaks up into several 
isolated zones of high shear strain. These zones correspond to sites of high-angle reverse 
faults and aftershocks found in the cores of many active anticlines, which lie above the fault 
tip. If the rocks at this shallow depth are strong enough to store elastic strain, the increased 
shear will promote secondary failure [see Figure ] (J. Lin, R. Stein, and G. King).

Interseismic Deformation at Subduction Zones. Uplift along the coast of 
southwestern Japan following the 1944 Tonankai (Ms = 8.0) and 1946 Nankaido (Ms= 
8.2) earthquakes has been inferred from the 1950-1985 tide-gage records. Although uplift 
rates vary with geographic position, the temporal dependence at each site can be described 
as the superposition of an exponentially decaying time constant (~5 yr) transient, significant 
only in the first decade postseismic, and a steady interseismic rate. The steady interseismic 
uplift rate is defined only over the 1956-1985 interval, but the linearity in time of that uplift 
record is such that uplift over the remainder of the interseismic cycle (-80 yr) might 
reasonably be expected to occur at the same rate. Moreover, the spatial pattern and 
magnitude of the steady uplift rate is reasonably close to that predicted by a simple 
dislocation model of subduction. However, the currently observed steady uplift rate is not 
consistent with the uplift rate inferred from geodetic leveling for the final half of the 
previous earthquake cycle. Thus, either the hypothesis of a steady interseismic uplift rate 
after the first decade postseismic is wrong or the strain accumulation pattern for one 
earthquake need not be the same as for the preceding earthquake on the same segment. 
(J.C. Savage and W. Thatcher)

REPORTS PUBLISHED OR SUBMITTED DURING THIS PERIOD (excluding abstracts):

Ekstrom, G., R. Stein, J.P. Eaton, and D. Eberhart-Phillips, Seismicity and geometry of a 
110-km-long blind thrust fault, 1, The 1985 Kettleman Hills, California, earthquake, in 
press, /. Geophys. Res., 1991.

Hill, D.P., and W. Thatcher, A minimum energy criterion for frictional slip on misoriented 
faults, in press, Bull. Seismol. Soc. Am., 1991.

Marshall, G.A., R.S. Stein, and W. Thatcher, Faulting geometry and slip from coseismic 
elevation changes: The October 17, 1989 Loma Prieta, California, earthquake, Bull. 
Seismol. Soc. Am.,81, 1660-1693, 1991.

Savage, J.C., and W. Thatcher, Interseismic deformation at the Nankai Trough, Japan, 
subduction zone, /. Geophys. Res., submitted, 1991.

Stein, R.S., and G. Ekstrom, Seismicity and geometry of a 110-km-long blind thrust fault, 
2, Synthesis of the 1982-1985 California earthquake sequence, submitted, /. Geophys. 
Res., 1991.
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Holocene and late Quaternary deformation of the Asal rift, Djibouti: Implications for the 
mechanics of slow-spreading ridges, in press, /. Geophys. Res., 96, 1991.

Thatcher, W., and D.P. Hill, Fault orientations in extensional and conjugate strike-slip 
environments and its implications, Geology, 79,1116-1120,1991.
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650



A
 R

oo
tle

ss
 S

ec
on

da
ry

 R
ev

er
se

 F
au

lt
 R

el
ie

ve
s 

S
tr

ai
n 

P
ro

du
ce

d 
by

 S
lip

 o
n 

a 
B

lin
d 

T
hr

us
t

-3
-2

-1

R
es

ul
tin

g
Se

co
nd

ar
y-

Fa
ul

t
Sl

ip

Sh
ea

r 
St

ra
in

Im
po

se
d 

B
lin

d 
Fa

ul
t

W
ith

 S
ec

on
da

ry
 

Su
rf

ac
e 

Fa
ul

t
Su

rf
ac

e 
Fa

ul
t

-1 
0 

1 

D
is

ta
nc

e 
(k

m
)

D
ep

th
 (

km
)

-1
 

0 
1 

D
is

ta
nc

e 
(k

m
)

2 
3i

O
 

D
ep

th
 (

km
)

50
 

10
0 

15
0 

Sl
ip

 (
cm

)

  
Sl

ip
 o

n 
a 

bl
in

d 
th

ru
st

 p
ro

du
ce

s 
hi

gh
 s

he
ar

 s
tr

ai
n 

(d
ar

k 
zo

ne
s)

 a
bo

ve
 th

e 
fa

ul
t t

ip
 a

t t
he

 e
ar

th
's

 s
ur

fa
ce

.

  
Se

co
nd

ar
y 

sl
ip

 o
n 

a 
ro

ot
le

ss
 r

ev
er

se
 f

au
lt 

re
lie

ve
s 

st
ra

in
 in

 f
ro

nt
 o

f t
he

 b
li

nd
 th

ru
st

 f
au

lt.

  
Fo

r 
th

is
 g

eo
m

et
ry

, s
lip

 o
n 

th
e 

su
rf

ac
e-

cu
tti

ng
 f

au
lt 

w
ill

 b
e 

25
%

 o
f t

he
 b

lin
d 

th
ru

st
 s

lip
.



II

Consolidated Digital Recording and Analysis 

9930-03412

S.W Stewart, R.S. Dollar, A.H. Walter
Branch of Seismology 

U. S. Geological Survey 
345 Middlefield Road, MS/977 

Menlo Park, California 94025 
(415) 329-5515

Investigations.

This project supports the Earthquake Hazards Reduction Program 
in the following ways. (1) It has developed and now provides automated 
hardware/software systems to enable the operation of large, regional 
seismic networks. For example, the CALNET Northern California Seismic 
Network and the Caltech/USGS Cooperative Southern California Seismic 
Network are producing masses of data in identical formats because they 
are using matched automated computer systems developed by this project. 
(2) It supports the focused monitoring experiment currently being carried 
out at Parkfield, California. The same software/hardware system used for 
large regional networks is used at the Varian and Haliburton monitoring 
sites at Parkfield.

There are between 25-50 regional seismic networks in the U.S., 
consisting of 1200-1500 seismic stations. The two largest regional 
networks are the Northern California Seismic Network (CALNET) 
operated by the USGS in central California, and the Southern 
California Seismic Network operated jointly by Caltech and the USGS. 
CALNET consists of more than 300 sites and 500 instruments, while the 
Southern California Seismic Network has at least 200 sites and 300 
instruments. These two networks combined account for about one-half 
of the existing seismic stations and about three-quarters of the existing 
data volume of digitized waveforms from all regional seismic networks 
in the U.S. I

This project has developed the hardware and software systems 
necessary to automate both the detection and processing of earthquakes 
occurring within these two regional networks.

Hardware for these systems is based upon the Digital Equipment 
Corporation (DEC) VAX series of micro-computers. Currently, this 
includes the VAX 750, microVAX II, and VAXstations 2000, 3100 and 3200.

Software is based upon the DEC/VMS operating system, the CUSP 
database system, and the GKS graphics system. VMS is a major operating 
system, well documented and developed, and has a rich variety of system 
services that facilitate our own system development. CUSP is a state-driven 
database system designed for systematically processing large numbers of 
earthquakes recorded by large local seismic networks. It was developed 
by Carl Johnson formerly of the USGS. GKS is an international-standard 
graphics analysis package that provides interactive input facilities as 
well as graphical output to a workstation. He use the DEC implementation
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Results:

1. All elements of a complete package for Realtime processing of 
Regional Seismic Network Data were completed and installed at 
the sites listed in (2) below. These elements are collectively 
referred to as the CUSP system, version 1.0, and include:

RT: the Real_Time data acquisition system; this system 
performs both online earthquake detection and 
pre-processing. The pre-processing steps include 
automatic P-phase picking and calculation of a 
hypocenter.

TZMIT: an interactive graphics program to process earthquake 
traces; this program can handle seismic waveforms 
recorded on different regional networks, 
merged from several sources, each with different 
digitizing rates and different instrument 
characteristics. For example, Quanterra 24-bit 
waveform data from Caltech can be merged and displayed 
along with 16-bit waveform data from the CALNET and 
Southern California earthquake networks. The former 
QED earthquake editor is a subset of the TIMIT system.

STNMAP: an interactive graphics program to display the
station locations and epicenter of each earthquake. 
The analyst can select subsets of the stations and 
trial hypocenters for more detailed analysis.

2. The following networks (or network operators) are now using 
CUSP software:

Northern California Seismic Network (CALNET)
Southern California Seismic Network
Parkfield Prediction Experiment (Varian site)
Parkfield Prediction Experiment (Haliburtion site)
University of Nevada (Reno)
Idaho National Engineering Laboratories (INEL)
University of Southern California

3. To make the CUSP data more easily available to the scientific
community, we spent considerable time making general-purpose 
routines to convert seismic data from one format to another,, 
including CUSP-to-SEGY, SEGY-to-CUSP, and CUSP-to-AH XDR 
format. The latter includes decimation filtering for 
processing teleseismic data. The CUSP-to-AH software is used 
extensively by other investigators in the Seismology Branch 
for teleseismic studies.

4. It is no longer necessary to convert CUSP digitized waveform data 
to other formats in order to use it. For example, a 
cross-correlation program used in the study of earthquake 
doublets was modified to read the CUSP seismogram files 
directly.
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5. The RTP-to-CUSP software was re-written and is operating 
within the CALNET network. The net result is less 
demand on the CPU, more efficient error-handling, and 
more efficient maintenance and modification of the software.

6. This project continued its responsibility for providing general 
VAX/VMS computing services to the Branch of Seismology in 
Menlo Park.

Reports:

None.
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INFLUENCE OF THE SOUTHERN WASHINGTON CASCADES CONDUCTOR 
ON VOLCANISM AND TECTONISM

9980-04028

Donald A. Swanson 
Branch of Igneous and Geothermal Processes

U.S. Geological Survey
Department of Geological Sciences AJ-20

University of Washington
Seattle, WA 98195

(206) 553-5587

Investigations

The Blue Lake 7-1/2-minute quadrangle (figs. 1 and 2), near the eastern edge of the Southern 
Washington Cascades Conductor (SWCC; Stanley and others, 1987, 1990), was mapped geologically 
at a scale of 1:24,000. In addition, parts of the Tower Rock (Swanson, 1991), McCoy Peak (Swanson, 
1992), and French Butte (Swanson, 1989) quadrangles were field checked and modified where 
necessary. The geologic map of the Blue Lake quadrangle will be released as an open-file report after 
chemical analyses and thin sections are received and evaluated, most likely in 1992.

This work is part of an ongoing cooperative effort with Roger Ashley and Russ Evarts (Branch of 
Western Mineral Resources, U.S. Geological Survey, Menlo Park) to define the development of the 
Cascade Range along an east-west transect in the Mount St. Helens area (fig. 1). The SWCC, an 
anomalous electrical conductor at intermediate depth within the crust, underlies that part of the transect 
area between Mount St. Helens and Mount Adams. One goal of the cooperative effort is to compare 
and contrast volcanism and tectonism above the SWCC with that beyond the limits of the SWCC.

Improved understanding of the nature and influence of the SWCC is important in order to define 
and evaluate earthquake hazards in the area. The western margin of the SWCC coincides with the St. 
Helens seismic zone (Weaver and Smith, 1983; Grant and others, 1984; Grant and Weaver, 1986), 
which "could, under certain assumptions, be capable of generating a magnitude 7.0 earthquake*' 
(Weaver and Smith, 1983, p. 10,380). The northeastern margin of the SWCC includes a north- 
northwest-trending zone of seismicity near Mount Rainier (Weaver and Malone, 1987; Stanley and 
others, 1987) and the epicentral area of the 1981 Goat Rocks earthquake (magnitude 5.0; Zollweg and 
Crosson, 1981; Weaver and Smith, 1983).

Results

The Blue Lake quadrangle contains a suite of volcanic rocks ranging in age from late Oligocene 
to Quaternary. Lava flows, pyroclastic flows, and diamictites of andesite and basaltic andesite, with 
minor dacite and rhyolite, comprise the Tertiary section. These rocks were intruded by numerous 
dikes and related intrusions and then folded along a north-northwest-trending axis that crosses the 
quadrangle from its northwest corner to its southeast corner (fig. 2).

The folding took place before about 12 Ma, the approximate age (from zircon fission-track 
counts) of a suite of hornblende andesite-dacite and hornblende diorite-quartz diorite dikes and sills 
that intrude the older rocks (fig. 2). This hornblende-bearing suite forms a subvolcanic complex with 
a large radial dike swarm (Swanson, 1990, 1991) centered in the northeast part of the McCoy Peak 
quadrangle. The pattern of the radial dikes, and their systematic subvertical orientation, indicate that 
they were intruded after folding, which produced dips of 30-50°. In addition, several other bodies of
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hornblende diorite in the Blue Lake quadrangle, though clearly part of the subvolcanic suite, may 
reflect the presence of other smaller volcanoes, all other evidence for which has been eroded away.

The distribution of the hornblende-bearing intrusive suite is of interest relative to the eastern limit 
of the SWCC. From reconnaissance work, no representative of this suite occurs much farther east than 
the eastern edge of the Blue Lake quadrangle, which roughly coincides with the margin of the SWCC 
(figs. 1 and 2). Future work in the adjoining Hamilton Buttes quadrangle will test this idea.

The hornblende-bearing intrusions in the Blue Lake quadrangle are restricted to the area south of 
the North Fork Cispus River (fig. 2). In the adjacent Tower Rock quadrangle, the intrusions are 
similarly restricted to the area south of the Cispus River downstream from the mouth of the North 
Fork. No significant faulting is evident along these rivers. The rather sharp northern limit in 
distribution of the hornblende-bearing suite might reflect some kind of crustal control not manifested 
at the surface, such as a blind fault or hidden structure in the SWCC.

Regional uplift and associated erosion followed intrusion of the hornblende-bearing suite. The 
timing and duration of the uplift is unknown but might be continuing today. My unpublished 
reconnaissance study of the paleogradient of the Tieton Andesite, an 80-km long, 1-Ma intracanyon 
flow in the Tieton River drainage on the east flank of the Cascades (fig. 1), suggests uplift of the 
Cascade axis of about 4.7 m/km in the past one million years. Whether this implies that uplift is 
continuing in the Blue Lake area is debatable.

The Pin Creek fault zone (fig. 2), a north-northwest-trending zone first recognized by Hammond 
(1980), cuts obliquely across the southwest corner of the Blue Lake quadrangle (fig. 2). The fault 
zone may control the course of the Cispus River for several kilometers upstream from the mouth of 
the North Fork Cispus River (Swanson, 1991). At least some of the motion within the Pin Creek fault 
zone was in a dextral sense, as indicated by subhorizontal slickensides on surfaces with stepped 
surfaces with minimal roughness in a right-lateral direction. Other surfaces show steeply plunging 
slickensides, however. A marked flattening of attitudes in the volcanic rocks on either side of the fault 
zone suggests that the zone may in part be a broken monocline on the west flank of the mapped 
anticline, perhaps a transpressional feature. The age of most recent movement in the fault zone is not 
known. All breccia zones contain calcite and zeolite and give the appearance of being of Tertiary age. 
Exposures are poor, however, and the possibility of Quaternary displacement cannot be discounted.

A moderate-size, partly subglacial volcano (Blue Lake volcano) composed of high-K2O olivine 
basalt formed during the Hayden Creek Glaciation (probably about 140 ka) in the valley of the Cispus 
River in the western part of the Blue Lake quadrangle (fig. 2). Basalt of similar composition but 
probably slightly younger age erupted from several smaller vents just west and south of Blue Lake 
volcano (fig. 2). These vents lie near and within the Pin Creek fault zone.

The high-K2O olivine basalt at Blue Lake volcano also lies at the northeast end of a zone of 
similar olivine basalt that extends southwestward from Blue {-ake volcano to beyond the southern limit 
of the McCoy Peak quadrangle (fig. 2; Swanson, 1992). Significantly, this suite of basalt, which 
includes at least one flow containing aegirine-augite and a K2O content of about 2.3 percent, is the 
most potassic known in the southern Washington Cascades except for the Simcoe volcanic, which is in 
a behind the-arc setting. Whether the SWCC influences the composition of the basalt is a question 
for future work.

To summarize, work in the Blue Lake and adjacent quadrangles has found several features 
unusual for the southern Washington Cascades that may reflect the presence of the SWCC: an 
extensive hornblende-bearing suite of intrusive rocks; possible control by the SWCC on the distribu­ 
tion of this suite; and high-K2O olivine basalt of late Quaternary age that is anomalous in this intra-arc 
setting. Continued study of the several quadrangles already completed, and of those targeted for future 
work, will address these issues.
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Reports

Swanson, D.A., 1991, Geologic map of the Tower Rock quadrangle, southern Cascade Range, 
Washington: U.S. Geological Survey Open-File Report 91-314, scale 1:24,000, 26 p.

__, 1992, Geologic map of the McCoy Peak quadrangle, southern Cascade Range, Washington: U.S. 
Geological Survey Open-File Report, scale 1:24,000, in preparation.
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47°1S'

46°30' -

46'
122°30'

Figure 1. Map showing locations of Blue Lake quadrangle and other quadrangles being mapped in the 
southern Washington Cascades relative to the Southern Washington Cascades Conductor (SWCC). 
The quadrangles west of longitude 122° are being mapped by Russ Evarts and Roger Ashley (U.S. 
Geological Survey, Menlo Park), and those east of 122° by me.
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Figure 2. Sketch map showing location of several important geologic features mentioned in the text 
and possibly relevant to the SWCC Stars indicate vents for Quaternary high-K2O olivine basalt. 
BLV, Blue Lake volcano; JC, Juniper Creek; LSH, lower Spud Hill; USH, upper Spud Hill; FC, Falls 
Creek; BC, Basin Camp; SC, Snagtooth Creek.
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Geometry, kinematics and evolution of pseudotachylyte-bearing rupture systems

Grant*: 14-08-0001-G2060

Mark T. Swanson I 
University of Southern Maine 

Gorham, Maine 04038 
(207) 780-5051

Investigations: Current research involves continuing efforts in the detailed outcrop mapping of 
brittle fault geometries within both ductile mylonitic and brittle cataclastic fault zones from two 
localities along the Maine coastal exposures that approximate lower to mid-levels within paleo 
strike-slip seismogenic zones.

Fort Foster Brittle Zone - Mapping has continued within this pseudotachylyte-bearing 
rupture system along the NW boundary extending the coverage of earlier mapping efforts. 
Mapping is conducted at a 1:15 field scale from photo mosaics of a coastal outcrop terrace. This 
phase of mapping has focussed on a 20 x 60 meter section to determine the pattern of major 
linking oblique dextral shears that tie the intense layer-parallel slip surfaces at the NW 
boundary with the interior of the brittle zone. Detailed structural analysis along with sampling 
and thin-section examination is continuing.

Richmond Island Fault Zone - Mapping in the Cape Elizabeth area of coastal Maine had been 
focussing on the detailed structural relations within the Two Lights cataclastic fault system, a 
series of en echelon dextral strike-slip fault zones that locally generated pseudotachylyte, both 
abrasive and adhesive wear features and abundant syn-kinematic quartz veining. Current 
mapping has moved on to a nearby exposure of a larger cataclastic fault zone exposed on 
Richmond Island just offshore from the Two Lights area. The Richmond Island fault zone was 
targeted for detailed study because of the higher displacements, more evolved fault zone 
structures and mechanisms and the apparent absence of both pseudotachylyte and significant 
syn-kinematic veins. Mapping has proceeded at a field scale of 1:1200 using an enlarged air 
photo base for a preliminary survey of the available exposures. Further more detailed mapping 
is focussing on a one kilometer coastal section with well exposed complicated fault geometries. 
Detailed mapping is continuing at a field scale of 1:240 using plane table-alidade surveying 
techniques to accurately depict the geometry of the exposed fault structures. Final detailing and 
analysis at the outcrop surface along with sampling and thin-section examination is continuing.

Results to date: The results of these field studies are preliminary at this point in the 
investigation in that mapping is nearing completion but supporting outcrop and thin-section 
analyses are only getting underway. However, some observations can be made as to the 
significance of the structures under study.

Fort Foster Brittle Zone - From the completed mapping the system of oblique slip 
surfaces in these exposures serves as a mechanism of extensional linkage between the intense 
system of layer-parallel slip surfaces along the NW boundary zone and the interior of the brittle 
zone. The layer-parallel surfaces are the largest pseudotachylyte generators, while only 
minimal pseudotachylyte is produced on these oblique dextral shears. Adhesive wear features, 
as meter-scale sidewall ripouts, is a dominant mechanism alqng the layer-parallel slip surfaces 
in the NW boundary zone but are quite rare along the numerous layer-parallel surfaces within
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the interior. Displacements on the oblique shears may be up to several meters which provides a 
clue as to the magnitude of displacements along the layer-parallel surfaces where no cross-cut 
markers are readily available. Each of the larger oblique shears can be traced as a sigmoidal 
splay from a single layer-parallel surface at the NW boundary across the mylonitic layering to 
another layer-parallel surface within the interior of the brittle zone. The intensity of minor 
fracturing within the interior sections of the brittle zone may be attributed wall rock strain 
accommodation of displacements along these sigmoidal surfaces. These larger extensional shears 
appear to represent a system of extensional linkages between right-stepping en echelon offsets 
between layer-parallel slip surfaces. However, several very low-angle contractional ramps 
are also present within the interior that imbricate distinctive quartz layers. This assemblage 
may represent an extensional trailing tail assemblage within a larger-scale sidewall ripout 
structure as another example of adhesive wear during fault zone evolution. Work is continuing 
to characterize the nature of fault zone material and deformation mechanisms within these 
oblique shears in comparison with the pseudotachylyte-dominant slip processes within the 
layer-parallel surfaces.

Richmond island Fault Zone - The fault zone exposed at Richmond Island shows the detailed 
nature of en echelon linkage and mature fault zone evolution on the 100 meter to 1000 meter 
scale that was not available with the previously studied Two Lights fault system. The dominant 
fault structure consists of a 350 m long, 40 m wide strike-slip duplex structure that links two 
main en echelon fault segments and accommodated nearly 80 meters of total displacement. The 
exposed strike-slip duplex structure displays imbricate ramp systems and anastomosing main 
fault zones up to several meters in width. Internal fault zone structures consist of a distinct 
layering within the cataclasite oblique to the fault zone boundaries and distributed R-shear slip 
surfaces within the evolved cataclasite. Adhesive wear structures as sidewall ripouts are also a 
dominant feature in the evolution of this fault zone. Cataclastic flow is clearly a dominant 
deformation mechanism and may be a contributing factor to the apparent lack of pseudotachylyte 
and the minimal development of syn-kinematic vein systems that are so abundant in the Two 
Lights fault sytstem. The cataclasite appears to be well-indurated through quartz cementation, 
often a dominant component of the fault zone itself. Small-scale veining is prevalent in the few 
centimeters about localized areas of the fault zones. Larger veins are also present but only 
sporadically developed and to only a mm or so in width. Possible pseudotachylyte has been 
observed only in very small displacement structures that flank the main fault zone and may be 
associated with a meter-scale ripout along one of the larger faults. Conclusive identification of 
the pseudotachylyte and the nature of the grain-scale deformation mechanisms must await 
thin-section examination.

Related reports:

Swanson, M.T., 1990, Fault structure and rupture process in pseudotachtylyte generation,
Geol. Soc. Amer. Abstracts with Programs, 22,285. 

Swanson, M.T., 1991, Fault structure, wear mechanisms, and rupture processes in
pseudotachylyte generation, Tectonophysics, in press. 

Swanson, M.T., 1991, Late Acadian-Alleghenian transpressional deformation: evidence from
asymmetric boudinage in the Casco Bay area, coastal Maine, Journal of Structural Geology,
in press. 

Swanson, M.T., 1992, Kinematic development of en echelon fault arrays: dextral strike-slip
faults in the Cape Elizabeth Formation, coastal Maine, Journal of Structural Geology,
in preparation.
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Changes in Seismicity in California Precursory to Large Earthquakes 

USGS 14-08-0001-G-1976

Lynn R. Sykes and Leonardo Seeber
Lamont-Doherty Geological Observatory of Columbia University 

Palisades, New York 10964

(914) 359-2900

Objective:

For the past several years we have been studying premonitory changes before large 
earthquakes along the San Andreas fault system in California. Moderate earthquakes prior 
to the 1868 Hayward, 1906 San Francisco, and 1989 Loma Prieta earthquakes in central 
California, most or all of which are outside the ensuing rupture zone, show a pattern of 
accelerating moment release. In light of this precursory change in seismicity in a region of 
complex fault interaction, we have begun re-examining seismicity of moderate-to-large 
earthquakes in southern California to establish if such changes also occur before large 
earthquakes on the San Andreas system in southern California. We have developed 
computer programs to automatically determine hundreds of focal mechanism solutions of 
high quality and used it to construct a structural model of seismicity in the vicinity of the 
1989 Loma Prieta rupture. Using this model we have divided microearthquakes in the 
vicinity of Loma Prieta and preceding the 1989 mainshock based upon whether their 
occurrence is encouraged or discouraged by the stress induced by a hypothetical strain 
hardening of the future rupture zone. We model this effect by a dislocation of opposite 
polarity to the 1989 rupture, and have found that the itatio between these two classes of 
microearthquakes changed prior to that earthquake.

Results:

The paper "Seismicity and fault interaction, southern San Jacinto fault zone and 
adjacent faults, southern California: implications for seismic hazard" by Petersen, Seeber, 
Sykes, Nabelek, Armbruster, Pacheco and Hudnut shows waveform inversion results for 
the Borrego Mountain earthquake of 1968 and the Coy0te Mountain earthquake of 1969. 
They found evidence for precursory seismic activity alo^ig some of the secondary faults of 
the region and redefined the extent of seismic gaps along the San Jacinto fault zone. The 
Anza seismic gap may be longer than previously proposed. Hazard in California was also 
assessed in the paper "Regional probabilistic seismic hazard analysis for the San Francisco 
Bay area" by Petersen, Jacob, Sykes, and Pacheco and in the abstract "Regional time- 
dependent probabilistic seismic hazard assessment for the greater Los Angeles region" by 
Petersen, Sykes, and Jacob. This work analyzes the seismic hazard using the 30-year 
probabilities determined by the Working Group (1988,1990). This work indicates that the 
30-year probability for exceeding 50 cm/s pseudo-velocity response at 1 s period is 
between 40-60% for much of the San Francisco Bay area that is located on mud or 
alluvium. In the Los Angeles region, however, the 30jyear probability for exceeding 50 
cm/s pseudo-velocity response at 1 s period exceeds 30% only for sites within 20 km of the 
San Andreas and San Jacinto faults.

An abstract "Seismicity changes in the San Francisco Bay region before the Loma 
Prieta earthquake of 1989" by Jaume and Sykes establishes a pattern of accelerating
moment release prior to 1989 Loma Prieta earthquake, 
earthquakes in the 35 years prior to this earthquake are

Most, if not all, of the M > 5.0 
outside the ensuing rupture zone.

In the paper "Seismic activity on neighbouring faults as a long-term precursor to three large
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earthquakes in the greater San Francisco Bay area," Sykes and Jaume show that 
accelerating moment release has occurred before three large earthquakes in central 
California and also before the 1948 Desert Hot Springs earthquake in southern California. 
In the preprint "Accelerating moment release and outer-rise compression: possible 
precursors to the next great earthquake in the Alaska Peninsula region" Jaume and 
Estabrook show that accelerating moment release occurred at Kodiak Island prior to the 
great 1964 Prince William Sound earthquake and that moment release has accelerated since 
the mid-1980's in the Shumagin Islands region, suggesting that this region may be 
approaching the end of the seismic cycle leading up to the occurrence of a large or great 
earthquake.

In the paper "Fault kinematics in the 1989 Loma Prieta rupture area during the 
20 years before that event" Seeber and Armbruster studied changes in the frequency of 
occurrence of small earthquakes recorded by the USGS Network within about 75 km of the 
rupture zone of the 1989 Loma Prieta earthquake. They relocated several thousand 
earthquakes using station corrections that were developed from quarry blasts. Those 
station corrections were allowed to vary spatially so as to correct for large variations in 
seismic velocity across several of the major faults in the area. In the abstract and preprint 
"A mechanically-modeled seismicity precursor to the Loma Prieta, California earthquake" 
Seeber and Armbruster divided earthquakes on the Calaveras and other surrounding faults 
into two classes   those that were expected to have their causative shear stress either 
augmented or decreased in the 20 years before 1989 by the effect of strain hardening on the 
fault zone that was preparing to rupture in 1989. For a large number of small earthquakes 
they then formed the ratio of those encouraged to those discouraged by this effect. They 
found that this ratio increased in the few years before the 1989 earthquake.

In the abstract "Historic earthquakes along the Loma Prieta segment of the San 
Andreas fault" by Tuttle, Sykes, and Jaume, the magnitudes and locations of historic 
damaging earthquakes in the San Francisco Bay region were re-interpreted from intensity 
data based upon experience from the Loma Prieta earthquake. In the paper "Re-evaluation 
of historic earthquakes in the vicinity of the Loma Prieta segment of the San Andreas fault" 
by Tuttle and Sykes, they suggest that the June 1838 earthquake ruptured both the 
Peninsular and Loma Prieta segments of the San Andreas fault, that the 1868 Hay ward 
earthquake was of the same size of the 1989 Loma Prieta earthquake, and that the 1865 
Santa Cruz Mountains earthquake occurred northeast of the Loma Prieta segment and was 
of magnitude 6.3 to 6.6.

Publications:

Jaume, S.C., and C.H. Estabrook, Accelerating moment release and outer-rise
compression: possible precursors to the next great earthquake in the Alaska
Peninsula region, submitted to Geophysical Research Letters, 1991. 

Jaume, S.C., and L.R. Sykes, Seismicity changes in the San Francisco Bay region before
the Loma Prieta earthquake of 1989 (abstract), EOS, Trans. AGU, 71, 288, 1989. 

Petersen, M.D., L. Seeber, L.R. Sykes, J. Nabelek, J. Armbruster, J. Pacheco, and K.W.
Hudnut, Seismicity and fault interaction, southern San Jacinto fault zone and
adjacent faults, southern California: implications for seismic hazard, Tectonics, in
press, 1991. 

Petersen, M.D., K. Jacob, L.R. Sykes, and J. Pacheco, Regional probabilistic seismic
hazard analysis for the San Francisco Bay area, proceedings Fourth International
Conference on Seismic Zonation, vol. Ill, 707-714, 1991. 

Petersen, M.D., L.R. Sykes, and K. Jacob, Regional time-dependent probabilistic seismic
hazard assessment for the greater Los Angeles region (abstract), EOS Trans. AGU
1991 Fall Meeting, 72, 320, 1991.
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Aseismic Creep and Crustal Deformation of Large Normal Faults 
Implications from the Teton Fault

14-08-0001-G6197

Arthur G. Sylvester
Department of Geological Sciences, and 

Institute of Crustal Studies
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Santa Barbara, California 93106-9630
(805)893-3156

INVESTIGATION UNDERTAKEN

This is a joint investigation in cooperation with Dr. Robert Smith and John Byrd (University of 
Utah). The objective of my part of the investigation is to determine whether or not aseismic vertical creep 
is presently occurring across the central segment of the Teton fault as inferred from our two precise leveling 
surveys in 1988 and 1989. My undergraduate students and I resurveyed the 22 km-long line (Fig. 1) in 
August and September 1991 to compare with the previous surveys.

RESULTS

The 1991 survey duplicated the first two surveys as closely as possible in terms of methods, 
equipment, standards, climate, and procedures. As of this writing the data are being analyzed in detail by the 
National Geodetic Survey, Rockville, Maryland, however, our analysis of the field data permit the 
following provisional conclusions. The precision of the 1991 survey is a few parts in 10"^, comparable to 
the 1988 and 1989 surveys. The height changes between 1988 and 1991 are minimal, thus the 8 mm 
relative uplift of Jackson Hole that we observed in 1989 disappeared (Fig 2).

We conclude, provisionally, that the uplift in 1989 was a nontectonic strain transient due to poroelastic 
effects associated with the refilling of Jackson Lake at that time. The spatial relation of the lake to the line 
is presented by Sylvester et al (1991), together with the reasons for considering it and other possible effects 
as casual factors. Indeed, we are able to identify no other event, such as an earthquake, that occurred 
between August 1988 and August 1991 that could have produced the hieght change effects that we measured 
in 1989. Although we rule out other tectonic and nontectnic factors, we still cannot dismiss them 
completely. Some of the minor height differences that are apparent from 1988 to 1991, including westward 
tilt of the Teton Range and subsidence of Jackson Hole adjacent to the Teton fault, deserve more careful 
analysis, and this is being done.

REPORTS PUBLISHED

Sylvester, A. G., J. O. D. Byrd, and R. B. Smith, 1991. Geodetic evidence for aseismic reverse creep 
across the Teton fault, Teton Range, Wyoming. Geophysical Research Letters 18 (6), 1083-1086.
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Figure 2. Observed height changes, Grand Teton level line, 1988-1991.

Upper: Observed height changes of permanent bench marks, Grand Teton level line, 
Grand Teton National Park, from August 1988 to August 1991. Bench mark GT42 at the 
west end of the line within the Teton Range is arbitrarily held fixed. The horizontal solid 
line represents the 1988 survey, open dots represent the August 1989 survey, and solid 
dots represent the 1991 survey. The vertical dashed line is the position of the Teton fault. 
The horizontal dashed line represents a line of best fit through the 1991 survey 
demonstrating the relative stability among most of the bench marks. The difference 
between that line and the 1988 datum would disappear if a difference bench mark, such as 
GT21, were held fixed. Error bars have not been added to reduce clutter in the figure, but 
the uncertainty of each bench mark height in each survey is 0.7 mm.

Middle: Observed height changes of permanent bench marks, Grand Teton level line, 
Grand Teton National Park, from August 1988 to August 1991. Bench mark GT01 at the 
east end of the line in Jackson Hole is arbitrarily held fixed. The horizontal dashed line 
represents the 1988 survey, the open circles represent the 1989 survey, and the solid dots 
represent the 1991 survey. Error bars have not been added to reduce clutter in the figure, 
but the uncertainty of each bench mark height in each survey is 0.7 mm.

Lower: Topographic profile along the length of the level line.
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Nearfield Geodetic Investigations of Strain across Faults 
in Southern California

14-08-0001-G1690

Arthur G. Sylvester
Department of Geological Sciences, and

Institute of Crustal Studies
University of California

Santa Barbara, California 93106-9630
(805) 893-3156

INVESTIGATION

The long-term, fixed purpose of this investigation is to search for and monitor the 
spatial and temporal nature of nearfield displacement across active and potentially active 
faults. Thus, we document pre-, co- and post-seismic displacement and aseismic creep, if 
any, especially where seismographic, paleoseismic and geomorphic evidence indicates 
current or recent fault activity. The geodetic arrays range in length from 300 m to 7000 m 
and are intermediate in scale, therefore, between the infrequent, regional geodetic surveys 
traditionally done by the National Geodetic Survey, and point measurements by continually 
recording instruments such as creepmeters, tiltmeters, and strainmeters. All leveling is 
done according to First Order, Class II standards, and horizontal surveys are done to First 
Order standards.

RESULTS

We resurveyed 12 of our level lines in summer 1991, specifically:
GRAPEVINE across the Pleito thrust;
LLANO across the Llano fault;
47th STREET across the Nadeau fault;
SILVER CANYON across the White Mountain fault zone;
MINA across the Excelsior Mountain fault zone;
McGEE CREEK across the Hilton Creek fault;
LITTLEROCK and LOST LAKE across the San Andreas fault;
JPL and SANTA ANITA CANYON across the Sierra Madre fault zone;
CAMERON and KOEHN LAKE across the Garlock fault.

We extended the lengths of SANTA ANITA CANYON from 755 m to 950 m, and 
SILVER CANYON 605 m to 1110 m, so that they span their respective fault zones more 
completely.

None of the arrays displays height changes that are significant since the previous 
survey, or that can be considered tectonic. Of particular interest in this regard is the survey 
of SANTA ANITA CANYON that was done the day after the M5.9 Sierra Madre 
earthquake of 28 June 1991. The previous survey of this array was done in July 1988. 
We found that many of the bench marks that were extant in 1988 on the north side of the 
fault had been destroyed (Fig. 1). Still, the resurvey of the existing bench marks revealed 
no height change across the fault to an uncertainty of about 0.5 mm (Fig. 2). We 
concluded that if the Sierra Madre fault caused the earthquake, it did not rupture not bend 
the surface more than the precision of our survey. Subsequently, the U.S. Geological 
Survey determined that the hypocenter was on the Sawpit Canyon fault, a northeast-
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striking fault several kilometers north of our leveling array. It is far enough away that we 
should not have seen any surface rupture even if there had been one on the Sawpit Canyon 
fault. We releveled our other line across the Sierra Madre fault at JPL, northwest of 
Pasadena, and similarly saw no height changes since 1988 that could be attributed to 
tectonism.

We also resurveyed 7 of our trilateration arrays across the San Andreas fault. From 
the Palmdale area to Cajon Pass, the resurveyed arrays are:

PALM
ELIZABETH LAKE
BARREL
BARREL SPRINGS
LUTLEROCK
GOVERNMENT
WRIGHT 

Each of them was surveyed in 1990 and displayed no change in 1991.

REPORTS PUBLISHED

We compiled a report that contains the principal facts pertaining to all of our nearfield 
geodetic arrays, that is, for leveling, trilateration, and nail line arrays. Following a short 
introduction, the report contains location and access information; a site map; reference to all 
pertinent publications; and height differences between bench marks for the first and last 
survey for each array. The report will be placed on open file by the USGS. In the 
meantime, copies are available on request.

Sylvester, A. G., 1991. Nearfield Geodetic Investigations of Crustal Movements, Southern California. 
National Earthquake Hazard Reduction Program, Final Technical Report, 1988-90, U. S. Department of 
Interior - U. S. Geological Survey Grant 14-08-0001-G1690, 508 p.
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Upper: Observed height changes of permanent bench marks, Santa Anita Canyon level 
line, from July 1988 to June 1991. The horizontal sol|d line represents the 1988 survey, 
solid squares represent the June 1991 survey. Surveys in 1984, 1985, 1986, and 1987 are 
not shown to reduce clutter, but they fit between those^ of 1988 and 1991. The horizontal 
dashed lines represent the uncertainty of the 1988 survby; the uncertainty of the 1991 
survey is represented by the height of each square poiijit. The uncertainty for both surveys 
is one standard deviation. The vertical dashed line is t|he position of the surface exposure 
of the Sierra Madre fault.

Lower: Topographic profile along the length of the level 
of points in the upper and lower figures gives an i 
that were destroyed at the east end of the line between

line. Comparison of the number 
indication of the number of bench marks 

1988 and 1991.
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Earthquake Hazard Research in the Greater Los Angeles Basin and Its
Offshore Area

Agreement # 14-08-0001-A0620

Ta-liang Teng and Thomas L. Henyey
Center of Earth Sciences

University of Southern California
Los Angeles, CA 90089-0740

BRIEF DESCRIPTION: As one of the regions in the U.S. subject to a high potential for 
earthquake loss, the Los Angeles area warrants the close attention of a special-purpose seismic 
monitoring network ~ one which can cope with the high background noise problem in a coastal 
urban area. This objective is achieved through the deployment of downhole and surface 
seismometers, through a diligent field instrument maintenance program, and through up-to-date 
data processing. Presently, the Los Angeles basin seismic network recording center at U.S.C. 
digitizes 70 channels of telemetered data from on land (surface and downhole) and offshore 
stations. This network is an important part of the research activity coordinated by the Southern 
California Earthquake Center (SCEC).

RESULTS OBTAINED: We have concentrated on seismotectonic analysis based on data 
recorded in the Los Angeles basin. A seismic database established for the Los Angeles basin is 
shown in Figures 1 and 2. Comprehensive studies have been completed of: (1) S-wave splitting 
analysis and its implications on crustal crack density and regional stress distribution; (2) detailed 
analysis of 3-D distribution of earthquakes along the Newport-Inglewood fault; (3) the 
seismotectonics of the Los Angeles basin and Santa Monica bay; (4) a detailed inversion analysis 
on the propagating fault rupture of the 1987 Whittier Narrows earthquake; (5) site response and 
near-surface Q-values using weak motion data, strong motion data and seismograms from a 
downhole array; and (6) seismic response of a 2-D and 3-D sedimentary basin.

Recent improvements to the U.S.C. Los Angeles basin network consist of (1) a backup 
recording system (16-bit 64-channel and expandable to 256 channels) in addition to the digital 
data recording using the standard 16-bit Tustin A/D and a MICRO VAX II; (2) increasing the 
number of 3-component stations to 15; (3) installation of radio-links to reduce telemetry costs; 
(4) installation of the second generation of OTS (gain-ranging microprocessor-based telemetry) 
designed and constructed at USC to achieve an effective dynamic range of 120 dB; and (5) 
refinement of seismic triggering in an urban environment and automation in seismic data 
processing.

Recent occurrences of (1) the 1987 Whittier Narrows earthquake (Mi/=5.9) and (2) 
the 1991 Sierra Madre earthquake (ML=5.8) present new and previously unrecognized 
earthquake potential; these events have revised our understanding of earthquake hazards in 
the Los Angeles metropolitan area. We have come to realize that:

* Moderate-sized earthquakes dp occur along faults previously deemed 
inactive, they do not necessarily occur along well-mapped universally 
recognized active fault strands.
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These moderate-sized earthquakes have demonstrated that they are fully 
capable of producing higher than 0.5 g strong ground motion to the Los 
Angeles metropolitan area and can be very destructive.

These events are often located in the basement rocks beneath warps and 
uplifts in the overlying sedimentary section, which are common in the
Los Angeles basin. This conclusion is reinforced by other California
earthquakes in recent years, such as: Coalinga, 1983, Santa Barbara, 1978, 
Pt. Mugu, 1973, and Malibu 1979.

* The Whittier Narrows earthquake occurred beneath a zone of uplifts
stretching from Whittier, through downtown, to Malibu; these faults are 
collectively called the Elysian Park fault system. Other such zones may 
exist in the San Fernando Valley and South Bay area of Los Angeles

* These kinds of earthquakes and their causal fault structures have not been 
adequately incorporated into earthquake hazards assessments for the Los 
Angeles area. For example, "design" earthquakes typically deal only with 
events on the San Andreas and the Newport-Inglewood faults.

RECENT RESESARCH EMPHASES:

SHEAR-WAVE SPLITTING AND STRESS DISTRIBUTION IN THE LOS ANGELES 
BASIN: On-scale short-period seismograms of 60 events of magnitudes between 2-4 
from the SCS array and other field stations equipped with OTS telemetry are examined. 
Clear evidence of shear-wave splitting of 10-130 ms is found that implies a nearly NS 
regional compressional stress field. This finding is consistent with results from geological 
mapping and fault plane solutions. Furthermore, an inferred crack density of the 
crystalline basement is obtained. The quality of the on-scale seismic data from LABNET 
that makes this study possible(Figure 3 ).

WAVEFORM ANALYSIS: We are developing methodology that makes full use of 
waveform data generated by the OTS-equipped Los Angeles basin seismic network with 
clear purpose of carrying out several significant scientific experiments. Short-period data is 
rich in information content and high in resolution Ayhen applied to the delineation of 
subsurface structures. However, the short-period Waveforms can quickly lose their 
coherence in complex medium where, beyond a certain frequency, a wavefield governed by 
a scattering process would then take over. The methoxiology we are working on spans a 
transition region between a deterministic approach ^vhere signals can be modeled as 
coherent propagating energy packets and a probabilistic} approach where only the collective 
properties of the wavefield can be studied in a statistical sense.

The frequency range of the transition region is probably covered by the band from 1 
to 20 Hz -- a range that is mainly the operational band of current microearthquake 
networks. With large dynamic range and 3-component calibrated and matched seismic data 
provided by the OTS system as shown in Figure 4, we plan to carry out a much more 
accurate study on coda waves. Moreover, we wish to explore the short-period limit on the 
applicability of waveform analysis and particle motion study that can only be performed
over the coherent part of the signals. Available data from the LABNET are on-scale,
matched 3-component, digital data from sources distributed throughout the Los Angeles 
basin and its offshore area. Different path combinations include paths through crystalline 
rocks, through basin sediments, and paths that traverse practically entirely inside a fault 
zone.
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An example of shear-wave splitting observed for an event occurring at 
the depth of 18 km beneath the Los Angeles basin wtth epicenter 8.9 km east of 
the five-station array SCS located in the USC campus. Top: three-component 
seismograms recorded by one of the five stations. Bottom Left: time-extended 
seismograms of the two horizontal components from five stations (MSH, EXQ, 
TRK, TCT and ALH). The arrivals of the two split shear waves are denoted by 
two vertical bars. Bottom Mid: polarization diagrams of the two horizontal 
components from the five stations. The onset of the leading shear is pointed by 
a filled triangle and the onset of the slow shear wave is pointed by an open 
triangle. Bottom Right: the aspect ratio diagrams for the two horizontal 
components from five stations. The longest bar having the maximum aspect 
ratio indicates the direction of the maximum principal stress.
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scs

Figure 3b

SCS

w

Lsft: Horizontal projtctlons of tha polarizations of tha laadlng shaar 
wavas from fifty avants within tha shtar-wava window of tha fiva-statlon 
array SCS at tha USC campus ara shown in aqual-arta projtcttona of tha towar 
hemisphtrt of dirtctions out of 55°. Right: Equal-araa rest diagrams of tha 
distributions of polarization dirtctions of Itading shaar wavts from fifty 
avants ustd in tht Itft pantl. Tht ctnttr of tach panti oorrasponds to tha 
station location.
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Quaternary Framework for Earthquake Studies 
Los Angeles, California

1-9540-01611; 2-9540-10010

John C. Tinsley 
Branch of Western Regional Geology

U.S. Geological Survey
345 Middlefield Road, MS-975
Menlo Park, California 94025

(415) 329-4928

Investigations

The Quaternary Framework for Earthquake Studies Project conducts basic and applied 
research on regional stratigraphic problems using a basin-analysis approach, identifies and a 
geologic basis and methodologies for evaluating earthquake hazards at local and regional scales. 
Most recently, the project provides regional geologic and stratigraphic expertise to the 
problems of designing and siting of ground motion arrays in the Los Angeles and San 
Bernardino areas, liquefaction mapping in the Los Angeles area, ground response studies in the 
Salt Lake area, Utah, and designing and siting of liquefaction piezometer arrays, southern 
California.

1. Site Response Studies, Los Angeles and Vicinity, California: An on-going USGS study of 
site-dependent effects on strong ground shaking saw the completion of drilling, lithologic 
logging, casing, and down-hole P-wave and S-wave velocity logging of exploratory 
boreholes at 5 sites in an array extending from the Whittier, California area south to 
Cerritos College at Norwalk, California. The sites were selected as components of a 
downhole array deployed to study site-dependent effects on strong ground motion as 
functions of thickness and character of the uppermost 100 to 300 ft of basin sediments. A 
combination of a down-hole seismometer and a free-field seismometer to be deployed at 
Cerritos College will effectively be able to determine thresholds of linear versus non­ 
linear soil behavior on materials typical of much of the finer-grained sediment deposits of 
the Los Angeles basin.

These sites include Hoover School (bedrock, Fernando Formation) and include Lincoln 
School (Holocene fine-grained alluvial fan deposits, Whittier), St. Paul High School 
(Pleistocene semi-consolidated fluvial deposits, Santa Fe Springs), Los Alisos Adult School 
(Holocene overbank floodplain deposits, Norwalk), and a close-packed array of 3 
instruments at Cerritos College (Physical Sciences Building, Gymnasium, and Campus 
Police Station) designed to study variations among geologically similar materials and 
seismic wave propagation patterns (Holocene overbank floodplain deposits, Norwalk). See 
report by C. Mueller elsewhere in this volume for additional discussion and detail.

Field and laboratory data being collected included geologic logs of drill holes and 
interpretation of shallow seismic refraction profiles at selected sites, Shelby-tube 
samples of subsurface materials, and down-hole Vp and Vs studies to help characterize 
near-surface materials. (Charles Mueller, BEG&S, Menlo Park; Albert M. Rogers (BGRA, 
Golden, Colorado; John Tinsley, BWRG, Menlo Park) and J.F. Gibbs, BES&G, Menlo Park).

2. Site Response Studies, Wasatch Region, Utah: Continued analysis of Wasatch Region down- 
hole shear-wave data in the Salt Lake Valley; preliminary results were presented in 
April, 1991, at the 27th Annual Symposium on Engineering Geology and Geotechnical
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Engineering, at Utah State University, Logan, Utah. (John C. Tinsley, BWRG, Menlo Park; 
Kenneth W. King, BGRA, Golden, Colorado).

3. Regional Studies of Liquefaction-Related Ground Failure, Monterey Bay Area, California: 
Stratigraphic study of Quaternary deposits in the rogion hard-hit by liquefaction in the 
Loma Prieta earthquake emphasized characterizatior s of 7 sites situated among deposits 
mapped in 1980 (Dupre and Tinsley, 1980) that cid not exhibit liquefaction-related 
ground failure in the 1989 main shock. Cone peneirometer testing, standard 
penetrometer testing, and Shelby tube sampling were employed to measure properties of 
the earth materials.

4. Digital Production of Regional Liquefaction Mapping, City of Los Angeles: Conclusion of a 
cooperative working agreement was achieved early in FY 1991, a technician was hired, 
and training commenced in January, 1991, to render the mapping into digital format 
using USGS software "AlaCarte", in ARCINFO format

Results

1. Sites where down-hole P-wave and S-wave velocity measurements are to be made during 
1992 are Lincoln School (Holocene fine-grained alluvial fan deposits, Whittier), St. Paul 
High School (Pleistocene semi-consolidated fluvial deposits, Santa Fe Springs), Los Alisos 
Adult School (Holocene overbank floodplain deposits, Norwalk), and a close-packed array 
of 3 instruments at Cerritcs College (Physical Sciences Building, Gymnasium, and Campus 
Police Station). Drilling and seismic velocity logging were completed during FY 1991 at 
Hoover Elementary School (HOO), Olive Junior High School (OLV), Lincoln School (LIN), 
Santa Anita Golf Course (SAG), and Southwest Academy (SWA); existing cased borings 
suitable for downhole velocity studies were located at Whittier Narrows (NAR), Rose Hills 
Cemetery (ROS), and Garvey Reservoir (GAR) and velocity logging was completed at these 
sites during FY 1991. Construction of a cased borehole for geological and geophysical 
characterization of site response is scheduled for early November, 1991 at the Central 
Fire Station, San Bernardino, CA.

2. Large differences in ground response relative to bedrock, as measured using low-strain, 
nuclear-explosion ground-motion techniques occur in Salt Lake Valley, Utah, at sites 
underlain by deposits ranging from unconsolidated conditions to well-consolidated and 
partly cemented conditions. Spectral variations in site response are distributed, both 
geologically and geographically, in a largely systematic-thus empirically predictable- 
manner, as functions of the thickness and composition of the basin's deposits.

Highest levels of spectral amplification (factors greater than 8, relative to bedrock)
occur on the soft silt-and-clay-rich lake beds and alluvium along the Jordan River, in a
graben developed between elements of the West Valley fault zone and the East Bench fault
zone.
Intermediate levels of spectral amplification (factors between 4 and 8) occur on sandy
deposits flanking the lake beds and the Jordan River trough, and include some distal,
deltaic and alluvial fan deposits where pre-Lake Bonneville occur at relatively shallow
depths.
The lowest levels of spectral amplification (factors of 1 to 4) occur where the deposits are
close to their sources, the canyons draining the Wasatch Mountains. These deposits are
generally firm and are composed chiefly of gravelly
slightly cemented to well-cemented with calcium carbonate at shallow depths, and are
situated around the margins of the valley as deltas

and cobbly sediment that commonly is

nd benches. The relatively high shear-
wave velocity of these proximal deposits helps result in relative low impedance contrasts
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and low levels of spectral amplification; the characteristically shallow depth to bedrock 
limits the periods adversely affected by resonance.

Differences in site response for these Salt Lake Valley data typically correspond to the 
average shear wave velocity, profiled generally for depths ranging from 0 to 200 feet 
subsurface.

Site characteristics distinguished by at least 40 ft of soft, clayey soils with a shear-wave 
velocity not exceeding 500 ft/s (150 m/s) occur in Salt Lake Valley (site CAM, this 
study). Although the regional geologic distribution of these deposits may in part be 
controlled by structural and stratigraphic settings, these soil conditions conform to 
criteria for site condition S4, as defined by the Uniform Building Code (UBC). Several 
other sites (KSL, AIR, WAR, EAR, DUG) have deep, soft-soil seismic profiles which are 
close to the upper bound for site condition S3. The soft-soil conditions in Salt Lake Valley, 
while not quite so extreme as San Francisco Bay Mud and Mexico City's lacustrine beds, 
nevertheless merit careful consideration of site-dependent effects during the design and 
construction phases for appropriate classes of structures in parts of Salt Lake Valley 
(Tinsley and others, 1991).

3. Laboratory analyses of grain-size distribution, moisture content, and stratigraphic 
description of samples taken during geotechnical studies of lateral spread ground failures 
for FYs1989 and 1990 is completed, and the data are loaded into a geotechnical database 
management system; further analysis is progressing well.

A partial set of radiocarbon samples submitted for accelerator mass-spectrometer dating 
are available and clearly indicate that the youngest portions of the depositional system are 
most at risk for liquefaction-related ground failure, provided that susceptible sediments 
are present. A stable result is that the location of lateral-spread ground failures, 
settlements, and other sites of liquefaction manifest by sand-boil activity during the Loma 
Prieta earthquake were chiefly restricted to laterally accreted depositional facies along 
the lower reaches of the Salinas, Pajaro, and San Lorenzo rivers in the Monterey Bay 
area, a coastal setting wherein the response by rivers to stable or slowly rising Holocene 
sea levels has been the deposition of locally extensive areas of point-bar, levee, and 
channel deposits bounded by vertically accreted floodbasin and floodplain deposits. The 
former facies assemblage exhibited extensive ground failures; the latter facies assemblage 
was largely immune to lateral spread ground failure during the 1989 earthquake.

In 1991, seven sites having known stratigraphic associations in which liquefaction did not 
occur during the Loma Prieta earthquake main shock or aftershocks were studied using 
cone penetrometer tests, Shelby tube sampling, and standard penetrometer tests. These 
sites included alluvial fan facies of Pleistocene age, fluvial facies of Pleistocene age, 
younger floodplain deposits of Holocene age, beach sand and dune sand, and older floodplain 
deposits of Holocene age, as mapped by Dupre and Tinsley (1980). The objective was to 
discern why these sites did not respond as anticipated, in the expectation that the 
information could be used to improve techniques for mapping liquefaction potential at local 
and regional scales.

Sites characterized by semiconsolidated deposits of poorly sorted sediment such as alluvial 
fan deposits or vertically accreted overbank deposits of Pleistocene age were shown to 
contain neither susceptible materials nor near-surface ground water, hence the observed 
immunity to liquefaction. Sites along Corralitos Creek, an area located above the zone of 
rupture and which experienced peak ground accelerations exceeding 0.5 g without ground 
failure were commonly coarse-grained sand and gravel and lacked near-surface ground 
water owing to the prolonged drought, a combination of conditions that explains the
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noteworthy absence of liquefaction effects on that floodplain. In sort, the impression is 
one of an overriding need to map the loose, cohesionless sand and silt deposits which have 
shallow ground water in order to successfully map liquefaction susceptibility. Fluvial 
facies which are most important to identify Include the channel facies (known for decades 
to be important) but also the point-bar facies and levee deposits overlying point-bar 
facies have emerged in result of this study as important fluvial facies to identify and 
characterize especially where these deposits are historical or are not more than several 
hundred years old. Another site near Salinas apparently was at the threshold for 
liquefaction and analysis of the results continues; this site affords the potential to closely 
identify combinations of characteristics which control the threshold of ground motion 
required to cause liquefaction for M 7.1 earthquakes.

4. Twelve (12) of 20 7.5' USGS quadrangles covering the City of Los Angeles showing 
surficial geology, distribution of near-surface ground water, and zones of relative 
susceptibility to liquefaction have been completed and are awaiting rectification and final 
editing with their adjacent quadrangles, to be certain that lines meet properly across map 
edges.

Publications

Tinsley, J.C., King, K.W., Trumm, D.A., Carver, D.L., and Williams, R.A., 1991, Geologic 
aspects of shear-wave velocity and relative ground response in Salt Lake Valley, Utah in 
McCalpin, J. P. (ed), Symposium on Engineering Geology and Geotechnical Engineering, 
Proceedings, 27th, Utah State University, Logan, Utah, p. 25-1 to 25-9.
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Crustal Structure Beneath the Northern Oregon Coast Range and 
Willamette Lowlands

Agreement No. 14-08-0001-G2072

Anne Trehu
College of Oceanography
Oregon State University
Ocean Admin Bldg 104

Corvallis,OR 97331-5503

(503) 737-2655

In September and October, 1991, we participated in a major seismic refraction 
experiment in the Pacific Northwest, in collaboration with scientists from the US 
Geological Survey, the University of Texas at El Paso, and the University of 
Wyoming. The objectives of this project were to image along strike variations in the 
crustal structure of the Cascadia subduction zone and to tie the onshore structure to 
results recently obtained offshore. The results of this project will help to better 
evaluate the seismic hazard associated with the Cascadia subduction zone because 
better knowledge of the crustal structure will 1) lead to more accurate hypocentral 
estimates for earthquakes; 2) provide insights into why the Cascadia subduction is 
seismically quiet compared to other subduction zones, 3) provide data for site 
response studies in the region.

The project comprised two 250-km-long north-south refraction profiles along 
the Puget Sound basin and the Willamette basin and a third 140-km-long east-west 
profile across central Oregon from the coast to the Cascades. The east-west profile 
extends an onshore/offshore profile shot by Oregon State University (OSU) in 
1989 and is coincident with the EMSLAB electrical conductivity profile. Up to 550 
instruments of four different types and recording up to 870 components were 
deployed for each profile, and a total of 27 large explosive shots were fired. Mother 
Nature cooperated by extending sunny, calm summer weather into mid-October, 
resulting in a very high quality data set.

Although students and staff from OSU participated in all three deployments, 
our data processing and analysis effort is concentrated on the two Oregon profiles. 
OSU is the lead institution for the processing and analysis of the east-west profile, 
having originally proposed and surveyed it. We are presently merging the data from 
the various instrument types, and will process and model the resultant record 
sections, including single- and three-component data. On the north-south profile, 
we will concentrate on a 20-km-long window of three component data recorded at 
330 m station spacings near the center of the profile in order to better understand the 
nature of wide angle reflection observed in those data and place constraints on 
expected structural dips perpendicular to the line of the profile. Even at this early 
stage in the analysis, several conclusions can be drawn: 1) upper crustal velocities 
are higher along the two Oregon profiles than along the Washington profile; 2) 
lower crustal structure varies significantly along strike of the subduction zone 
beneath Oregon, as indicated by along strike variability of wide angle reflections.
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EXPERIMENTS ON ROCK FRICTION CONSTITUTIVE LAWS APPLIED TO 
EARTHQUAKE INSTABILITY ANALYSIS

USGS Contract 14-08-0001-G-1364

Terry E.Tullis
John D. Weeks

Department of Geological Sciences
Brown University

Providence, Rhode Islanci 02912
(401) 863-3829

INVESTIGATIONS:

1. New results on the factional behavior of serpentine.
2. Inversion of friction data for constitutive parameters.
3. Joint modelling of velocity-stepping and timed-hold tests.
4. Frictional behavior of silica glass.
5. Investigation of micro-processes at a single contact on glass.
6. New results on the frictional behavior of powdered granite simulated fault gouge.
7. Three-dimensional fault modelling.

RESULTS:

1. In Volume XXXII we reported our discovery that the steady-state velocity dependence of the 
frictional strength of antigorite serpentinite sliding on initially bare rough surfaces undergoes a 
transition from velocity weakening at higher velocities to Velocity strengthening at low velocities. 
The transition in velocity dependence with decreasing slip velocity is accompanied by other 
changes in the constitutive behavior of the serpentinite. These include (1) a decrease in the number 
of state variables in the Dieterich-Ruina constitutive model required to fit the data; (2) the eventual 
disappearance of the evolution effect at the slowest velocities; and (3) a systematic increase in the 
magnitude of the direct effect.

We have obtained samples of both lizardite and chrysotile serpentine polymorphs in order to com­
pare the frictional behavior with antigorite. Because these new samples are small and friable, it will 
be necessary to perform experiments on thin layers of powdered material. In order to make direct 
comparisons with antigorite, we have conducted an experiment on powder prepared from the antig­ 
orite samples used previously. The antigorite serpentinite gouge displays a steady-state velocity 
dependence similar to the bare surface results previously reported: initially bare, rough surfaces 
and powdered antigorite undergo a transition from velocity weakening at fast velocities to velocity 
strengthening at slow velocities with the transition in velocity dependence occurring in the same 
velocity range for both materials.

In addition to velocity stepping tests to determine the 
tests were performed on the powdered sample. In these 
for a period of time and the transient peak friction is 
rocks, this results in a linear dependence of peak friction 
appearance of the evolution effect at low velocities

velocity dependence, a series of static-hold 
tests, the load point velocity is set to zero 

measured upon resumption of sliding. In most 
on log(hold time). In serpentine, the dis- 

should be reflected in static hold tests by a
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saturation in the peak friction level after sufficiently long holds. We conducted our static hold tests 
at a loading velocity of 0.32 Jims" 1 , in the velocity weakening regime of the serpentinite. At the 
start of the static hold sequence, while testing short hold times, displacement in the gouge layer 
was by stick-slip; however, stress levels did increase with hold time. After longer holds, the fric- 
tional strength increased and sliding became stable. Following this transition to stable sliding, even 
short holds remained stable and the peak friction level was almost invariant with hold times rang­ 
ing from 10 to 10 seconds (Figure la). Similar hysteresis has also been found in velocity stepping 
tests. In those tests, if the velocity weakening at high velocity is sufficient to cause unstable sliding, 
there will be a transition to stable sliding at low velocity because of the change to velocity strength­ 
ening. This, in fact, has been observed and there is a hysteresis in the transition between stable and 
stick-slip sliding; the transition occurs at a faster velocity when increasing velocity than when 
decreasing velocity. The hysteresis in behavior in velocity stepping tests occurs in both gouge and 
bare surface experiments (Figure Ib).
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Figure 1. Data illustrating the hysteresis in the frictional behavior of serpentine, a) Peak friction following timed 
holds on powdered serpentine. The boxes indicate data that was stick-slipping before and after the holds; circles 
slid stably. The lines connect the data points in the order in which the hold tests were done. The high-friction, stable 
mode was only meta-stable: it is clear that sufficient sliding after the hold would have caused a jump back to the 
unstable mode. The variation in the friction level of the circles is caused by the order in which these holds were 
done- long hold times tended to increase the friction level just as it did in the transition from the unstable to stable 
modes, while short holds tended to move back towards the unstable mode, b) Friction vs. displacement during suc­ 
cessive velocity jumps, first a series of velocity decreases and then a series of velocity increases. "Fuzzy" lines 
show stick-slip sliding. Top line is from sliding on initially bare surfaces; lower is for a thin layer of powdered ser­ 
pentine. Note that stick slip gives way to stable sliding as the velocity is decreased, and that it returns at a higher 
velocity than that at which it disappeared.

The observations on the frictional behavior of serpentinite described above suggest that there are 
at least two deformation mechanisms operating over the range of experimental conditions and that 
these mechanisms interact to produce a variety of mechanical behavior in the serpentinite. 
Although our interpretation is provisional, we suggest that the two mechanisms may be normal 
frictional behavior involving brittle processes (dominating at fast sliding velocities) and disloca­ 
tion glide (dominating at slow velocities).

We have recently developed a theoretical model which appears to explain the observed mechanical 
behavior of the serpentinite experiments. Although we are still refining the model, we are able to
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see how the model can explain some unusual features in the results we have found on serpentinite. 
In this model two different mechanisms contribute to the slip, one described by a state-variable 
friction law embodying the direct and evolution effects observable in the serpentinite at higher 
velocities, the other by a rate strengthening flow law having no evolution effect. This flow mech­ 
anism has frictional resistance linear with log(velocity), and may represent dislocation glide on 
serpentine basal planes. Kronenberg et al. (1990) have demonstrated dislocation glide in biotite at 
room temperature, and perhaps this is also true for other sheet silicates, such as antigorite serpen­ 
tine. We favor brittle fracture and crack healing to explain the state variable mechanism, but this 
is still very much a matter of controversy.

We assume that both mechanisms support the same applied shear load and that the observed slip 
rate is due to a sum of the slip rate of each process. Our assumption is that shearing within the 
highly stressed parts of the asperities occurs by the flow mechanism while brittle processes occur

at the contact junctions 
between asperities. This way, 
both mechanisms must sup­ 
port the full shear load. 
Figure 2 illustrates the veloc­ 
ity dependence of frictional 
strength for both mechanisms 
and for their combination 
under this assumption, if both 
mechanisms are at steady 
state. Because we assume that 
the stress is equal on both 
mechanisms, the three points 
giving the state of either 
mechanism and the combined 
mechanisms must all lie on the 
same horizontal line. Because 
the flow mechanism has no 
evolution effect, it must 
always deform at a rate and 
stress consistent with the plot­ 
ted curve. However, the state- 
variable mechanism can 
depart from the steady-state 
line because of the influence 
of the evolution effect and this 
can make for very complicated 
and surprising interactions 
between the two mechanisms.

0.01
velocity

Figure 2. Illustration of the steady-state strength dependence of the two 
mechanisms we believe account for the variation in serpentine behavior with 
velocity and for the hysteresis in behavior. The dot-dash line shows the state 
variable friction law at steady state. The dashed line illustrates a siniple rate- 
strengthening flow law, such as is appropriate for dislocation glide. Thi 
mechanism has no evolution effect- its response must always fall ofl this line 
whereas the state variable mechanism can fall off the line if slip is not at 
steady-state. The curved line shows the combination of the two mechanisms 
at steady-state assuming that the full shear load is supported by both mecha­ 
nisms. Thus, for a given point on the combined curve, a horizontal I constant 
strength) line connects that point with the points giving the slip rates of the 
two individual mechanisms under those conditions. The velocities at the 
intersections are summed to give the combined velocity. Note uSat if the 
velocity is less than Vj on the combined curve, it is impossible for both 
mechanisms to be at steady-state, forcing the state variable mechanism away 
from steady-state. Slip under such conditions tends to move the state variable 
mechanism to even lower velocities and the flow mechanism eventually cap­ 
tures all the slip. If the slip velocity is then raised above Vj, the direct effeci
of the state variable mechanism forces it to continue sliding at low
Such slow slip delays its return to steady-state; this is responsible for the con 
tinued dominance of the flow mechanism even at higher velocities.

velocity

Note that the combined curve 
(dotted line) exists only above 
some velocity, VT in Figure 2. 
If the load point velocity in an
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experiment is greater than that velocity, then deformation at the points of contact on the sliding sur­ 
faces is accommodated by both the state-variable and flow mechanisms and both of these 
mechanisms can reach steady-state within the time of our experiments. As the loading velocity is 
decreased, however, the strength will climb up the combined curve until the velocity drops below 
Vy. At that point, the state-variable mechanism can no longer slide at steady state at the low friction 
level imposed by the flow mechanism. This forces the state-variable mechanism below its steady- 
state line. When this happens, the evolution effect causes the state-variable mechanism to 
strengthen and slow down, further reducing its contribution to the deformation. This is a process 
with positive feedback: the stronger the state-variable mechanism gets, the smaller its contribution 
to the slip rate, resulting in further strengthening, just as the evolution effect causes strengthening 
during a timed hold test. Consequently, the flow mechanism will "capture" the slip at low veloci­ 
ties, and the state-variable mechanism will eventually cease to move significantly.

If sliding has been taking place at low velocity for some time, such that the flow mechanism pre­ 
dominates, and the load point velocity is then increased, the frictional response will follow the flow 
mechanism even to velocities higher than Vj. This is because the state variable mechanism has 
been nearly stationary for some time and has evolved to a higher strength. Once enough slip on the 
state variable mechanism has taken place, it will eventually move down to the low-stress combined 
curve; the time or displacement required to do this will depend partly on the degree of over-step­ 
ping of VT. How these two mechanisms interact during stick-slip is hard to say, but the very large 
strength changes accompanying the change in sliding mode shown in Figure 1 suggest that the 
jumps between unstable and stable sliding modes exaggerate the mechanism switching behavior.

2. As with all computer programs, we continue to make improvements to our program for invert­ 
ing friction data to obtain values of frictional constitutive law parameters. Because the data 
immediately following a velocity jump carries the most information on the constitutive parameters, 
and is least affected by unexplained drift or trends, this data should contribute more to the inversion 
than observations further from the velocity change. To this end, we have incorporated a data 
weighting vector w into our inverse routine. If we have N observations, the i'th observation is 
weighted according to (N/i)2 for observations at the velocity step displacement and beyond. By 
incorporating the data weighting vector in the inverse method, we make the friction observations 
around the velocity change the most "important", with decreasing effect further from the velocity 
change.

The inversion program, as part of its output, produces a matrix of correlation coefficients that car­ 
ries information about the interactions between the various constitutive parameters. To gain better 
understanding of the implications of the correlation coefficients, we did an inversions of an artifi­ 
cial data set produced by a forward simulation. A set of 10,000 forward models was then run with 
systematic variations of a and b around the best-fit value and a grid of variances with respect to the 
original data set was calculated. The model which best fits the data set yields the minimum vari­ 
ance. If a is increased from this model while holding b constant, then the misfit between the model 
and data increases. If, however, b is increased in the same amount, maintaining a constant value of 
a-b, the increase in variance is much less. This strong interaction between a and b is also indicated 
by a correlation coefficient reported by the inversion program that is very close to one (0.9928). A 
contour plot of the grid yields contours around the best fit that are approximately elliptical and very 
elongated along a line of constant a-b. On the other hand, if models are created that maintain con­ 
stant a+b, allowing a-b to change, the variance increases rapidly. Thus, the combination of
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parameters a-b, which gives the steady-state velocity dependence and controls sliding stability, is 
very well determined while a+b, which is related to the total signal size of the transient response 
to a velocity change, is not as well constrained. It is interesting to note that the variance contours, 
while being nearly elliptical, are not centered on the minimum variance, and the variance increases 
asymmetrically from the minimum value. This, presumably, is partly a reflection of the nonlinear 
nature of the friction model.

3. We have found that the rate- and state-variable friction law (Ruina, 1983) does not model all 
aspects of friction tests that we commonly perform. In particular, constitutive parameters deter­ 
mined from velocity stepping tests tend to under-predict the increase in static friction that results 
from timed-hold tests, and parameters determined from inversion of timed-hold tests do not agree 
with those from velocity stepping tests. To investigate this, data from velocity step tests and timed- 
hold tests were inverted for the friction constitutive parameters using our inversion program. Three 
variations on the rate- and state-variable friction laws (Ruina, 1983) were examined:

Ruina Law:

"dT _ 
I

This is Ruina' s "original" friction law that approximates the behavior of Dieterich's mathemati­ 
cally less convenient law. The state evolves through a fading memory of previous velocities. It 
does not match current thoughts on the physical processes involved in that it does not predict 
strengthening with time at zero velocity.

Slowness Law:

M- = f + aln -

ir
Here, the state evolves with fading memory of inverse velocity, or slowness. This law does have 
time-dependent strengthening at zero velocity, but, as will be seen below, does not work as well as 
the Ruina law when modelling velocity steps. This and the Ruina law were used by Linker and 
Dieterich (1991) in their study of normal stress effects on the evolution of the state variables.

Power law:
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This is another form that fits the mathematical structure of Ruina's general state-variable 
framework.

We present comparisons of the internal consistency of each of these three friction laws by 
seeing how well they can simultaneously fit velocity step tests, with both increases and decreases 
in velocity, and timed-hold tests. Using the inversion program we invert data from each of these 
three tests to determine constitutive parameters for each of the three versions of the constitutive 
law. Presumably, a single set of constitutive parameters should describe the results for all three
cases, but we do not find this to be the 
case. As a graphic illustration of the dif­ 
ferent results obtained by these different 
constitutive laws, simulations of veloc­ 
ity step increases made with parameters 
determined by inversion of data from 
velocity step increases, decreases, and 
from 10-second timed hold tests are 
shown in Figure 3. While it is clear that 
the Ruina law gives the most consistent 
set of simulations, these comparisons 
illustrate the differences between the
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Figure 4. (above) Comparison of increase 
in static friction following timed holds 
with predictions from numerical simula­ 
tions using parameters determined by 
inversion of data from velocity step 
increases. The Ruina and power laws 
underpredict, while the slowness law 
over-predicts.

Power law

Ruina law

Parameters from inversion of:
   step increase
      step decrease 

- - 10 second relaxation

Figure 3. (Left) Simulations of 
a velocity increase using 
parameters determined from 
inversion of a velocity increase 
(solid lines), a velocity decrease 
(dotted lines) and a 10 second 
timed hold (dashed lines), a) 
Simulations using the power 
law version of the constitutive 
equations having n = 0.2. b) 
Simulations using the slowness 
law. c) Simulations using the 
"original" Ruina friction law 
(Ruina, 1983). If the friction 
law completely describes rock 
friction, all three simulations 
should be almost identical, 
allowing for some variation in 
owing to the fact that the 
parameters come from real 
data. None of the three laws is 
perfect, but the Ruina law is 
clearly best. If we insist that 
static friction increase with time 
at zero slip velocity, it will be 
necessary to find some alternate 
to the "standard" Ruina law that 
does a better job of reproducing 
all the observations than does 
the slowness law.

various parameter sets. Constitutive 
parameters from inversions of velocity step tests were also used to simulate the relaxation and peak 
friction from timed-hold tests. The increase in static friction predicted from these simulations is 
compared to data from timed-hold tests in Figure 4. For relaxations longer than 30 seconds, the 
slowness law over-estimates the peak friction by an amount that increases with the duration of the 
relaxation. Both the power law and Ruina laws under-predict the peak friction by an amount that 
is independent of the duration.
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4. In our continuing effort to understand the physical basis for the observed frictional constitutive 
behavior of rocks, glass has attracted our attention as an ideal material for study. Like rocks, it is 
composed primarily of SiC>2 and should consequently have the same type of bonds involved in the 
fnctional deformation, there is a substantial literature on chemical effects on the mechanical prop­ 
erties of glass, and, unlike rocks, glass has well controlled composition. We felt it was necessary, 
however, to verify experimentally that glass exhibited the same frictional behavior as is commonly 
observed for rocks. To this end, we have performed a laijge-displacement friction experiment on 
silica glass under conditions identical to those applied to previous experiments on real rocks such 
as granite and quartzite- 25 MPa normal stress, room temperature, and velocities ranging from 
0.00316 to 10.0 fims" . Both velocity stepping tests and slide-hold-slide tests were performed on 
the silica glass. At velocities from 0.0316 to 10 fims" 1 sliding was stable only under servo control, 
and showed the response to velocity steps that is generally seen for rocks- a transient peak with 
decay to new steady-state. Also like rocks, the peak strength after a period of nominally stationary 
contact (slide-hold-slide test) showed linear dependence dn the logarithm of the hold time.

Our expectation was that silica glass and quartzite, having the same chemical composition should 
behave similarly. We have just completed an experiment to collect high-quality data on quartz to 
compare with the glass data. Both glass (when not servo controlled) and quartzite showed a tran­ 
sition from stick-slip sliding at higher velocities to stable sliding at lower velocities. The transition 
occurred at a higher velocity for quartzite, but this could be caused by unintentional differences in 
surface roughness or other aspects of sample preparation. Our best values for the steady-state 
velocity dependence of fnctional strength (a-b) for glass obtained under servo control have an 
average value of -0.00534 with values that range from -0.004 to -0.00756, compared to an average 
of -0.00532 for quartz with a range from -0.00343 to -0.00695. From this remarkably close agree­ 
ment in the behavior of the two materials it is clear that the frictional behavior of glass is 
appropriate for the study of the physical and chemical processes underlying rock friction constitu­ 
tive behavior.

5. This summer we tried to use Raman spectroscopy to make measurements of the water concen­ 
tration on an interface between two silica glass surfaces trjat were pushed together. Unfortunately
the method proved unsuccessful. We successfully made an assembly that could mount on the stage
of the microscope and load the surfaces with a variable and calibrated force, and were able to get 
them sufficiently clean that they were pressed into intima:e contact. When we took the assembly 
to the lab of Professor Lauer at RPI, however, it developed that even though his equipment for 
Raman spectroscopy is very sophisticated (including a triple monochromator to enhance the signal 
to noise ratio), it was unable to detect water on an interface. We had based our hopes on this method 
on Professor Lauer's belief that his machine should be able to measure as small an amount of water 
as a monolayer on a square micron! This turned out to be based on the manufacturer's claims for 
the instrument, which seem to be wildly optimistic. We are planning to try using IR spectroscopy 
to accomplish the same goal.

6. Experiments by a number of investigators in the past h^ve reported that the steady-state veloc­ 
ity dependence of friction of powdered granite simulated fault gouge is velocity strengthening, 
which leads to a prediction that sliding on simulated gougei will always be stable (i.e., Morrow and 
Byerlee, 1989; Blanpied et al,1991). We have recently performed an experiment on 1 mm thick 
Westerly granite gouge to investigate a wider range of loading velocities than had been studied 
before. The experiment was performed at a normal stress of 25 MPa, room temperature and total
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displacement during the run was 346 mm. During the first 300 mm the loading velocity was alter­ 
nated between 1 and 10 (Lims" 1 . Although the steady-state velocity dependence (a-b) remained 
velocity strengthening throughout the experiment, it showed changes similar to previous runs- 
decreasing a-b for the first 20 mm, increasing to a steady level by 120 mm. Velocity step tests con­ 
ducted at greater than 300 mm displacement ranged over velocities from 10.0 to 0.0032 (Lims . The 
velocity dependence at velocities below 0.03 Jims is velocity weakening, suggesting that even 
though the higher velocities show velocity strengthening, the presence of gouge will not necessar­ 
ily stabilize slip. This result could have important implications for slip on natural faults.

7. We have worked together with William Stuart and Robert Simpson to develop and test a three 
dimensional model of faulting applied to the geometry of the San Andreas fault at Parkfield, Cal­ 
ifornia. This is an extension to three dimensions of the type of modeling carried out by Tse and 
Rice (1986) for a two dimensional strike-slip fault model. The modeling uses constitutive param­ 
eters determined from laboratory studies including the depth variation in constitutive parameters 
that is expected from the San Andreas geotherm. A range of along-strike variation in constitutive 
parameters is used, keeping the range reasonable in terms of the variations found for different rock 
types in the laboratory. These three-dimensional models will allow more reasonable estimates to 
be made of the magnitude of premonitory strain and geodetic signals to be expected prior to the 
next Parkfield earthquake. Preliminary results of this study showing the expected effect of the 
Coalinga earthquake on the timing of the next Parkfield earthquake have been presented and a 
more detailed manuscript is in preparation.

REPORTS:
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Investigations in areas of subsidence in the onshore fold and thrust belt of
the Cascadia Subduction Zone 

Collaborative Research between University of California, Santa Barbara
and Humboldt State University

Agreement # 14-08-001 -G2134
David W. Valentine, Edward A. Keller

UC Santa Barbara Geological Sciences
Santa Barbara, CA 93106

805-893-3471

Christine S. Manhart, Gary A Carver
Humboldt State University geology

Arcata, CA 95521
707-826-3931

Investigations
In northern California, stratigraphy within synclines associated with the fold and thrust 
belt contains evidence for multiple paleoseismic events. We hypothesize that the 
stratigraphy is formed in part by repeated submergence of lowland surfaces near sea- 
level as subsidence occurs within the synclines during great earthquakes. Submerged 
surfaces are buried by estuarine sediments, and sediment accumulation and 
interseismic uplift allow for the surfaces to attain elevations relative to sea-level where 
saltmarsh plants colonize the mudflat surfaces forming new lowland surfaces. Each 
sequence of a saltmarsh or lowland surfaces buried abruptly by estuarine sediments 
hypothetically represent the subsidence from a great earthquake. 
Preliminary studies demonstrate evidence for five subsidence events in South Bay, 
Humboldt Bay. Subsidence events within the synclines correlate with movement along 
thrust faults bordering Humboldt Bay. Coseismic movement on these thrust faults may 
occur during slip on the underlying Cascadia Subduction Zone thrust. 
We are collecting cores along a transect in South B^y between the Little Salmon fault, 
and the Table Bluff anticline to correlate the stratigraphy found in the syncline with the 
paleoseismic record of the Little Salmon Fault. We intend to use the stratigraphy with 
micropaleontology to asses the magnitude of submergence of the surfaces. 
Results:
We have collected 16 vibracores along one-half the transect with lengths up to to 
seven meters, and have preliminarily correlated the late Holocene stratigraphy 
between the cores. Studies on the sedimentological and micropaleontology of the 
cores is presently being undertaken. Stratigraphic and the sedimentologic studies are 
bring completed at UC Santa Barbara, and micropaleontologic studies are being done 
at Humboldt State University . 
Reports: 
None
Workshops:
Cascadia Subduction Zone Workshop, September 23-25, 1991, held at Humboldt 
State University, Arcata, California
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Shallow seismic Reflection Surveys in the New Madrid 
Seismic Zone - Crowley's Ridge

Agreement No. 14-08-0001-G2077

Roy VanArsdale
Geology Department

University of Arkansas
Fayetteville, Arkansas 72701

(501) 575-3355

Robert Williams
Kaye Shedlock

Branch of Geologic Risk Assessment 
U.S. Geological Survey, Box 25046, MS 966 

Denver, CO 80225 
(303) 236-1621

Shallow Seismic Reflection Surveys in the New Madrid Seismic 
Zone involves three project areas and is a collaborative project 
involving the authors listed above and Eugene Schweig and Lisa 
Kanter of Memphis State University. This summary report focuses 
on one of the three study areas; Crowley's Ridge.

Crowley's Ridge in northeast Arkansas (Figure 1) has histori­ 
cally been interpreted as an erosional remnant of Tertiary and 
Pleistocene sediments, formed as a drainage divide between the 
Pleistocene ancestral Mississippi and Ohio Rivers. However, 
Crowley's Ridge consists of two segments with very different 
trends and widths and there are a number of unusual geomorphic 
characteristics of the ridge that suggest that its formation may 
be tectonically controlled. A recently completed COCORP deep 
reflection survey across the Mississippi embayment shows minor 
offset of post-Late Cretaceous reflectors beneath the west flank 
of Crowley's Ridge at location one in Figure 1; examination of 
the profile suggests that faulting may also be present on the 
east flank.

During the summer of 1990, five Mini-Sosie reflection lines 
(numbers 1-5 in Figure 1) were recorded across the margins of 
Crowley's Ridge to test the hypothesis that the ridge is fault 
bounded. All of the lines, with the possible exception of line 
3, reveal faulting that displaces Cretaceous and overlying Ter­ 
tiary strata (VanArsdale et al., 1990; VanArsdale et al., in 
press). However, reflectors were not imaged in the uppermost 
0.15 s (150 m) so it was not possible to determine whether Quat­ 
ernary strata are displaced.

During the summer of 1991, six Mini-Sosie lines (numbers 6-11 
in Figure 1) and four shotgun source lines were recorded (num­ 
bers 12-15 in Figure 1). The purpose of the Mini-Sosie lines was 
to determine if there was evidence of faulting beneath the ridge 
margins at other locations and to determine the strikes of the 
faults imaged in 1990. The Mini-Sosie lines recorded in 1990 did 
not image the uppermost 150 m of the crust, therefore, shotgun

695



II

MISSOURI

--- 35 N H 

Mississippi

Figure 1. Crowley's Ridge (shaded) of northeast Arkansas. Num- 
 fnio5 are Mmi-Sosie seismic reflection line sites recorded 
in 1990. Numbers 6-11 are Mini-Sosie and numbers 12-15 are 
shotgun source seismic reflection line sites recorded in 1991 
Reelfoot rift boundaries are represented by dashed lines.
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source lines were recorded across faults identified in the 1990 
data to determine if Quaternary strata are displaced. Both the 
Mini-Sosie and shotgun source reflection data collected during 
the summer of 1991 are currently being processed by the U.S.G.S. 
in Denver, Colorado. Interpretation of the reflection data will 
take place in January of 1992.

Reports

VanArsdale, R.B., Scherer, G.G., Schweig, E.S., III, Kanter, 
L.R., Williams, R.A., Shedlock, K.M., and King K.W., 1990, 
Seismic reflection survey of Crowley's Ridge, Arkansas: EOS, v. 
71, p. 1435.

VanArsdale, R.B., Schweig, E.S., III, Kanter, L.R., Williams, R. , 
and Shedlock, K., 1991, Preliminary study of the subsurface 
structure of Crowley's Ridge, northeast Arkansas: 63rd Annual 
Meeting, Eastern Section Seismological Society of America, p. 
58.

VanArsdale, R.R., Williams, R., Schweig, E.S., III, Kanter, L.R. , 
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Objective

In the continental United States, the New Madrid seismic zone of the Central Mississippi Valley 
(CMV) has the greatest seismicity of any area east of the Rocky Mountains. Historically, the great 
New Madrid earthquakes of 181 1-12 produced very widespread liquefaction, fissures and ground 
deformations in northeast Arkansas, southeast Missouri, and westernmost Tennessee. In 1895 a 
much smaller magnitude 6.5 event produced considerably more localized liquefaction and surface 
deformation in the vicinity of Charleston, Missouri. However, beyond the short historical record, 
very little is presently known about the temporal and spatial behavior of major prehistoric 
earthquakes in the CMV. The studies in the Western Lowlands seek to improve understanding of 
late Quaternary seismicity in the CMV by determining--to the extent possible the approximate 
distribution and ages of liquefaction features produced by the New Madrid earthquake and by 
paleoearthquakes.

Progress

During this reporting period I made more detailed investigations of a swarm of liquefaction 
and other possible coseismic features along a one-kilometfer-long reach of Dudley Main Ditch in 
southwestern Stoddard County, Missouri (site DM I in fig. I). Preliminary results of brief 
investigations at DM I in 1990 identified liquefaction feature$ thought to have been produced by two 
to three prehistoric earthquakes between ca. 22,750 and 3,570 yr. B.P. The liquefaction features 
include tens of clastic dikes and sills, buried sandblow:;, and several kinds of soft-sediment 
deformation possibly produced in part by seismically triggered liquefaction. Because clastic dikes, 
sills, and surficial sandblows of probable 1811 -12 age have been identified at sites JCI and SF2 (fig. I), 
the great New Madrid earthquake may also have produced some of the sedimentary intrusions 
atDMI.

Additional age data and investigations in the Western Lowlands continue to indicate the past 
occurrence of two to three major prehistoric events, but i:hey also entail some revisions of initial 
interpretations for the DM I site. From oldest to youngest, the paleoearthquakes are designated 
as events F, L and R. Investigations of a 150-meter-long exposure at DM I during the summer of 
1991 revealed that sand bodies formerly thought to be coalesced event F sandblows are better 
interpreted as composite sand bodies produced mainly by overbank fluvial deposition and minor
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extrusion, followed by later seismically generated sedimentary intrusions. More extensive studies 
of DM I features suspected to be possible earthquake volcanoes produced by events L and R failed 
to identify unequivocal evidence for an earthquake origin, despite the termination of several dikes 
within small sand bodies at two additional stratigraphic levels. However, small truncated clastic 
dikes bracketed between 12,570 ±200 and 590 + 80 B.P. at the south end of DM I lend some support 
for the occurrence of an event R. A less likely alternative is that these 1.0-3.0 cm wide dikes could 
have been produced by normal rise of groundwater at the base of a paleochannel.

At site JCI, brief studies were made of a large (20-40 cm wide) dike that extends into the B 
horizon of the modern soil and appears to be too weathered for an 181 1-12 age. The Munsell soil 
color of this and a few nearby dikes is yellowish brown (IOYR 5/6), and there appears to be some 
illuvial clay along the dike walls. Steve Obermeier (oral communication, 1991) observed this large 
dike with the writer and stated that the numerous 181 1-12 dikes and sandblows he has seen in the 
Eastern Lowlands (fig. I) do not show nearly as much weathering. For example, 0.5-3.0 cm wide 
dikes of probable 181 1-12 age at site SF2 near the Missouri-Arkansas line have dominant Munsell 
soil colors of grayish brown and light grayish brown (IOYR 5/2 and 6/2) within the B horizons of 
modern soils, which are Aqualfs similar to modern soils at JCI. On the other hand, a possible 
pre-1811 age is also suggested for some dikes at sites SFI and DM I by a) Munsell soil color of pale 
brown and light yellowish brown (IOYR 6/3 and 6/4), along with isolated spots of illuvial clay just 
beneath the sola of modern soils, and b) occassional lower dike zones of appreciable cementation 
by i ron and manganese oxides, which at SF I coincide with similar zones in a buried paleosol. Planned 
investigation of the large JCI dike in a backhoe pit and micromorphological study of thin sections 
should help resolve the historic-prehistoric question.

At site SF2 (Fig. I), I briefly investigated a linear 25m x 80m surficial sandblow to confirm an 
expected 1811-12 age and to examine characteristics of the feeder dike, vent, sandblow 
stratigraphy, and soil development. A half-meter wide, V-shaped vent and 0.5-cm-wide feeder dike 
were found near the approximate center of the sandblow, and a silt-and-sand-filled cavity which 
contained small sand dikes was observed to one side of the vent. Unlike many (most?) 181 1-12 
sandblows, there was no trace of a buried A horizon at the base of the vented sand; rather, the 
sandblow was underlain by the light colored E (eluvial) and Bt horizon of the former modern soil, 
which suggests prior erosion of the A horizon or perhaps near-total decay of the former organic 
matter. About 0.5-1.0 m from the vent, the sandblow had a "color B" horizon which could signify 
a possible pre-1811 age. Black remains of roots probably killed by the sandblow blanket were 
collected for AMS dating to help determine the timing of the event.

Archaeological and radiocarbon data used to establish broad age ranges for the three possible 
events are shown in Table I. Based on speculative sedimentation rates of 0.1 -1.0 mm/yr, event F 
is estimated to have occurred approximately 22,400-20,000 yr. B.P. The 2,570 to 3,570 year age- 
range overlap of events L and R indicated in Table I is largely eliminated when approximately 1,000 
and 500 years are allowed for sedimentation above the positions of materials that provided 
maximum age dates at sites MDI and DM I. Potentially, event R could correlate with one of the 
two major late-Holocene earthquakes others have found evidence for along the Reelfoot scarp in 
northwestern Tennessee and at an archaeological site about 25 km east-northeast of New Madrid, 
Missouri.
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Figure 1. Map showing locations of sites in the Western Lowlands of southeast Missouri where 
paleoearthquake and 1811-12 earthquake features have been identified. Distribution of 1811-12 
sandblow deposits is from Obermeier (1990).
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Table 1.
Archaeological and Radiocarbon Data Used to Establish Age Ranges 

of Paleoliquefaction Events

Event Site 1 Archaeological 
data?

F DM1 

DM1

L MD1 

MD1 1 0,000-9,000 yrB.P.

R DM1 

DM1

14Cage Laboratory 
(yr) no. (Teledyne)

22,750 ±650 

3,570 ±100

13,430 ±170

12,570 ±200 

590± 80

1 DM1, Dudley Main Ditch site 1; MD1, Mingo Ditch site 1. 
2Archaeological data from O'Brien and others (1989) and J

1-16,459 

1-16,460

1-16,463

1-16,462 

1-16,461

Stratigraphic 
position

35 cm below base of buried 
sandblow

10-15 cm above bottom of 
paleochannel that truncates 
composite sandbar-sandblow
58-62 cm below base of 
buried sandblow

Surface of braided-stream 
terrace

25-30 cm below base of 
paleochannel

Base of paleochannel that 
truncates clastic dikes

Material

Wood 

Wood

Carbonaceous 
clayey silt

Early Archaic 
artifacts

Mammal 
vertebra

Wood

.E. Price (1991, oral communication).
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Investigations: This report covers the progress of the research investigating the Anza- 
Coyote Canyon seismic slip gap for the period from January through November, 1991. 
The objectives of this research are: 1) To study the mechanisms and seismic characteristics 
of small and moderate earthquakes, and 2) To determine if there are premonitory changes in 
seismic observables preceding small and moderate earthquakes. This work is carried out in 
cooperation with Tom Hanks, Joe Fletcher and Larry Baker of the U. S. Geological 
Survey, Menlo Park.

Network status: During the period of this report, nine stations of the Anza Seismic 
Network were telemetering three component data. The network was set at a moderate gain 
so that a M=3.4 earthquake clipped the station directly over the hypocenter while the rest of 
the stations remained on scale. Unfortunately 25 days of data were lost in September after 
our central receiving site was struck by lightning, but the network was fully operational in 
October. The most significant change in the network is the addition of a front-end 
computer which allows the ANZA event data to be available over the INTERNET in near 
real time. The data logging software was upgraded by Larry Baker to provide a state of 
health monitor program for the network. Significant milestones were reached in two data 
processing areas. The first was the completion of the back log of P and S wave arrival 
picks and the completion of the locations and focal mechanisms for the complete database. 
Secondly, the complete waveform data has been loaded to an on-line optical disk storage 
system.

Seismicity: Since the beginning of 1991, the ANZA network recorded 1173 events of 
which were large enough to locate and determine source parameters. These events have 
magnitudes determined by of the Southern California Seismic Network from less than 
M=1.0 up to the Sierra Madre M=5.8 event. The largest local event had a magnitude of 
3.4. The seismicity pattern remained the same as in 1990. It is concentrated in two 
clusters located near the KNW and TRO stations respectively. These clusters have been 
active for the past 9 years while the ANZA network has been operational. The activity near 
TRO reached a maximum near the beginning of 1990 and is significantly higher than before 
1989. The seismicity off the fault appears to be lower than the levels observed in the 
middle 1980s.
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ARRAY STUDIES OF SEISMIC SCATTERING
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(415) 329-4788 
Investigations Undertaken

Our research is the study of large aperture array recordings. This project, which 
will require the assembly of seismograms from more than 1000 stations ranging 
from southern California to Alaska, is still in its infancy. We present below an 
example of its potential (see Vidale and Benz, 1991 for more details). Once the 
assembly of data from the entire array is made routine, study of regional wave 
propagation and beamforming of teleseismic events can be conducted on an array of 
unprecedented aperture and station density.

Results

Introduction
Our understanding of the constitution, convective pattern, and temperature field 

within the Earth's mantle is based on many kinds of evidence. Seismology, 
however, generally provides the highest resolution picture of the current structural 
state of the Earth. At least two depths within the mantle, 415 and 660 km, are 
known from seismology to be the location of transitions in rock properties. Near 
415 km depth there is an about 5% increase with depth in seismic shear (S) and 
compressional (P) velocity and density, hereafter referred to as the "415", that is 
generally interpreted to signal the transition from olivine to the higher pressure 
phase spinel.

This section will focus on the "415". The majority of studies suggest that the 
olivine <-> spinel transition occurs near 400 km depth and accounts for the 
observed velocity increase at the "415". Some mantle geochemical models, 
however, suggest alternative interpretations for the "415". We expect from mineral 
physics studies that an equilibrium olivine <-> spinel boundary would be elevated 
because of lower temperatures by tens of km near subducting slabs (Akaogi et al, 
1989). Thus, a higher resolution measurement of the olivine-spinel boundary 
elevation near slabs can tell us the temperature in subducting material. It has also 
been proposed that the cold temperature in subducting material would kinetically 
inhibit the transformation, perhaps for the millions of years the slab requires to sink 
to depths near the "660". Such a mechanism, which would depress the "415" 
elevation observable near subduction, would allow for the initiation of faulting by 
the phase transition as the sinking slab warms in the depth range 400 to 660 km 
(Green and Burnley, 1989).
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We will show below that our observations support an elevated, not depressed 
"415", and support a relatively level, broad elevation consistent with the 
equilibrium phase transition prediction.

Seismological background
Seismic velocities increase rapidly with depth near 400 and 660 km depth. These 

features were first discovered by the investigation of body waves that turn near the 
depths of 400 and 660 km (Jeffreys, 1936). Shearer (1991) and others have produced
precise and global measurements of these features with 25 to 100 sec period reflected
waves, finding a prominent reflectors in the mantle at a depth of 415 km. The 150 to 
1000 km wavelengths preclude either estimates of discontinuity sharpness or 
detailed study of depth variations near subduction zones, where temperature is 
expected to vary over short distances. Such studies cannot resolve topography on 
the "415", but shows that it is small at long wavelengths. The Fresnel zone of these 
waves on upper mantle layers is hundreds of kilometers.

Studies of traveltimes, reflected phases, S to P conversions from layers beneath 
the seismometer, and the reflected phase P'P' and its precursors have also been 
analyzed to learn the structure near 400 km depth (see Shearer (1991) for a 
summary), but have failed to resolve topography on the "415".

This study differs from previous work in the use of extremely low amplitude 
signals that are detectable only by analyzing many-element, wide-aperture array 
recordings. Since we examine individual earthquakes and find high-frequency 
mantle reflections that leave the source region in a fairly narrow cone of take-off 
angles, our measurements sample mantle structures with lateral sampling of tens of 
kilometers or less.

Data
We are currently examining seismograms from the 1980's recorded on the 

Northern California Seismic Network (NCSN) and University of Utah Seismic 
Station (UUSS) to characterize the arrivals that reflect from near 400 km depth. The 
NCSN data provides depths to a reflector near 400 km in 4 locations. We then 
reinterpret as reflections near 400 km depth 28 aflrivals from 24 events timed by Lin 
(1974) from earthquakes between 1965 and 197& recorded on the LASA array in 
Montana.

NCSN has more than 350 short-period vertical seismometers in central and 
northern California (Eaton, 1989). The array spans an area that is 900 by 250 km. 
Frequencies from 0.2 to well above 2 Hz are recorded with good signal-to-noise. The 
UUSS adds more than 60 stations, and extends the long axis of the array to 1500 km. 
Although no examples of UUSS data are presented in this report, its addition
appears to double the slowness resolution in the 
3 times better resolution (about 0.002 sec/km)

Slant-stacks. Our slant stacks have 
at 1 Hz than LASA Vespagrams

(found in Lin, 1974, for example,) due to the unprecedented aperture. We expect
further improvement with the addition of the
Nevada, Southern California, Washington, and Alaska.

With so many stations and such a large aperture, we can nearly eliminate the
energy scattered near the stations by stacking in
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described below. The scattering near the source is also minimized by considering 
the part of the wavefield from deep earthquakes before pP, which is the earliest 
arriving energy scattered off the Earth's surface above the earthquake.

We start the processing by anti-alias filtering the NCSN records, which are 
digitized at 100 samples per second, and resampling at 2.5 samples per second. We 
resample because it is difficult to align traces at high frequency, there is little energy 
above 2 Hz in these teleseisms, and the size of the data files is cumbersome. Then, 
we visually examine every trace and reject the 20-60% that are too noisy, very 
dissimilar to nearby stations, or reversed in polarity. A time in the P arrival is 
picked, either the onset time or a prominent early peak, depending on the character 
of the earthquake. Finally, the traces are shifted in time so that the picked phase 
arrives at the same time for all traces, normalized to a peak amplitude of unity, and 
slant-stacked to search for plane wave arrivals.

Figure 1 shows the slant stack of an event near 481 km depth in the Bonin 
subduction zone. For clarity, this figure shows the logarithm of the envelope of the 
true slant stack. This is one of the cleanest events we have examined since the 
direct (downgoing) P wave is much weaker than the upgoing P and S waves that 
scatter above the event, so the scattering locally generated around the array from the 
direct P wave is also weak. Two clear, early arrivals appear, one 20 sec and the other 
32 sec after the P wave. Two additional arrivals also appear 50 and 60 seconds after 
the P wave, but these arise either from layers in the upper 300 km or completely 
unexpected structures. These arrivals must be P waves, since they are vertical 
motions, emanating from the region of the earthquake, and arriving just after the 
direct P wave. These arrivals are most likely S-to-P conversions. The next likeliest 
alternative is P-to-P reflections, but the S-to-P conversions are expected to be three 
times larger since the conversion coefficient is similar while earthquakes radiate 
much more S wave energy.

Figure 2 shows the stacked waveforms of the direct P wave, the surface reflection 
pP, and the S-to-P conversions from the "415" and the "660". Note that the two 
phases which initially leave the source upward, pP and s360P, have similar 
waveforms, as do the two that leave downwards, P and S670P. These similarities in 
waveform argue against aftershocks causing the arrivals labeled S670P and s360P. 
Note the very small amplitude in the mantle reflections, which necessitated many 
widely spaced seismometers to suppress the noise.

Inspection of Figure 1 shows that the 20 sec arrival has a slowness that is less than 
the direct P wave, while the 32 sec arrival has a slowness about one third of the way 
from P to pP. As shown in Vidale and Benz (1991), the likely 32 sec reflector is 
nearly horizontal and at 360 km depth. The reflector cannot dip more than 15°. A 
dip on the reflector will result in our underestimating the depth of the reflector, but 
this is a small effect. A similar analysis shows that the 20 sec arrival is probably due 
to an S-to-P conversion in transmission through a horizontal boundary at 670 km 
depth. The rest of this section will focus on the reflections from near 400 km depth, 
except to note that conversions from near 670 are often observed in our slant stacks.
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Major and minor phase waveforms 
for May 3,1985 earthquake

70
s360

360km

S670P EQ
is'1.

670km

Figure 2. The stacked waveforms of P, pP, S670P, and s360P. The peak 
amplitude in each phase is shown to the upper right of each trace.

Since the differential time between P and the reflected phases is precisely known, 
and the seismic velocity profile between the earthquake and the reflector is fairly 
well known, most of the uncertainty about the depths of the reflectors arise from 
uncertainty about the depth of the earthquake itself. We restrict our study to events 
for which ISC pP-P depth measurements (~15 km uncertainty) are available. 
Unfortunately, ISC pP-P depths are available for only four of the NCSN events, 
although this reflection from near 400 km depth is present for most of 16 NCSN 
recordings we have examined.

Lin (1974) has made similar measurements. He noticed that reflected energy is 
present between P and pP for deep earthquakes by examining seismograms from the 
LASA array for earthquakes from 1965 to 1973. He interpreted the arrivals as P-to-P 
reflections, which placed the reflectors much shallower. However, as we discussed 
above, S-to-P conversions are a more likely explanation.

Figure 3 shows the depths for 4 events captured l|>y NCSN and 24 by LASA. There 
is a clear peak in the 350 to 375 km depth range, although a significant number of 
events also fall in the 375 to 425 km depth range. Of the two in the range 325 to 350 
km, one is 349 and the other is 346 with two deeper reflections also picked for the
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same event. Of the two in the depth range 425 to 450 km, one is 428 and the other is 
433 with another shallower reflection also picked for the same event. These depths 
are mostly significantly shallower than 415 km, where the olivine-spinel transition 
is known to lie in ambient mantle (Shearer, 1991).

"415" depth near subduction

325 350 375 400 425 450
Depth (km) 

Figure 3. The depths to the reflectors near 400 km depth.

Conclusions
Wide aperture, dense arrays reveal the arrival time and slowness of subtle seismic 

reflections. Just as the stacking analysis of long period seismograms is revealing 
new insights on the 30 to 100 km wavelength radial structure of the earth (Shearer, 
1991), regional array analysis of higher frequency arrivals provides a higher 
resolution image of the 1 to 20 km wavelength features.

The reflector we are observing is 0 to 60 km above the depth of the probable 
olivine <-> spinel transition in average mantle. The reflector is also nearly flat, 
since significant dip would produce noticeable slowness anomalies that are absent. 
It is also unexpectedly sharp, since we see similar amplitude reflections from 1.5 to 5 
seconds period. The amplitude of the reflection is 0.25 to 1.0 of the amplitude 
expected from the "415" anomaly observed at longer period. The only plausible 
interpretation is that we are seeing the olivine-to-spinel transition elevated.

Since our observations are limited to areas above deep earthquakes, we are 
measuring the depth of the olivine-to-spinel transition either in material that is 
subducting or in material that has been next to subduction for a long time. An 
elevation of the equilibrium olivine <-> spinel transition of 50 km is expected to 
result from the 800° C difference in temperature between subduction zones and 
normal mantle (Akaogi, 1989). Our observation points range from the middle of the 
seismicity at 400 km depth to about 200 km to the side of the seismicity. However,
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the earthquake depth uncertainty precludes the interpretation of differences in 
reflector depth with distance from the slab, with age of the subducting lithosphere, 
or age of the subduction zone without further stu4y.

Mineral physics experiments suggest that the conversion from olivine to spinel is
kinetically hindered at temperatures below 520 to 900° C, at least on laboratory time
scales (Sung and Burns, 1976). Some seismic studies suggest that this transition is 
depressed near slabs, others suggest that it is felevated. Our observations of a 
transition generally elevated by 30 to 60 km suggests that olivine can convert to 
spinel at temperatures more than 500° C colder than ambient mantle (Akaogi, 1989). 
It is still possible that isolated pockets of olivine remain untransformed, or a very 
cold center of the slab forms a thin, untransformed tongue of metastable olivine. 
However, if laboratory estimates of the Clapyrcn slope are accurate, olivine can 
transform at a temperature several hundred degrees colder than ambient mantle. 

Recent work suggests that the olivine-to-spinel transition may initiate and
lubricate deep earthquakes, overcoming the high friction theoretically expected to
prevent seismic faulting (Burnley and Green, 1989). Our results preclude models 
that predict olivine metastability at temperatures only 100 or 200° colder than the 
normal mantle geotherm, and require either extreme temperature contrasts or some 
compositional or grain-size influence on metastability for the penetration of olivine 
to the depths of the deepest earthquakes, which is ;unlikely.
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AGU, San Francisco, December 1991. J.E. Vidale, H.M. Benz. A deep, sharp, and 
complicated "660" km depth discontinuity observed near subduction zones 
with an 800 element array

Gilbert Symposium on Global Seismology, San Diego, December 1991. 
Reflections from near 660, 415, and 200 km depth seen with a 900 element 
short-period array.

IRIS, Hilton Head, March 1991. J.E. Vidale and H. Benz. Probing the mantle with 
a 400 element array.
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Geothermal Seismotectonic Studies 

9930-02097

Craig S. Weaver
Branch of Seismolo.jy

U. S. Geological Survey
at Geophysics Program AK-50

University of Washington
Seattle, Washington 91*195

(206) 442-0627

Investigations

1. Continued analysis of the seismicity and volcanism patterns of the Pacific Northwest in an 
effort to develop an improved tectonic model that Will be useful in updating earthquake 
hazards in the region. (Weaver, Yelin)

2. Continued acquisition of seismicity data along the Washington coast, directly above the 
interface between the North American plate and the subducting Juan de Fuca plate. (Weaver, 
Yelin, Norris, UW contract)

3. Continued seismic monitoring of the Mount St. Helens area, including Spirit Lake (where 
the stability of the debris dam formed on May 18, 1980 is an issue), Elk Lake, and the south­ 
ern Washington-Oregon Cascade Range (north of Newberry Volcano). The data from this 
monitoring is being used in the development of seismotectonic models for southwestern 
Washington and the interaction of the Basin and Range with the Oregon Cascades. (Weaver, 
Grant, Norris, Yelin, UW contract)

4. Study of earthquake catalogs for the greater Parkfield, California region for the period 
1932-1969. Catalogs from the University of California (UCB) and CalTech (CIT) are being 
compared, duplicate entries noted, and the phase data used by each reporting institution are 
being collected. The study is emphasizing events greater than 3.5, and most events will be 
relocated using station corrections determined from a set of master events located by the 
modern networks. (Meagher, Weaver)

5. Study of estuaries along the northern Oregon coast iri an effort to document probable sub­ 
sidence features associated with paleosubduction earthquakes (Grant).

6. Study of seismically recorded rockslides and avalanches on Cascade volcanoes (Norris).

7. Provides leadership of the Pacific Northwest Earthquake Team which is responsible for 
establishing and directling National Earthquake Hazard Reduction Program studies in the 
region. (Weaver, Grant)

Results

1. Studies of continuing seismicity in the Portland basin<
Between 1970 and August of 1989, there was only one earthquake with a magnitude as 

large as 3.1 within 50 km of Portland, Oregon. In contrast, from 1960-1968 there were seven 
earthquakes with M=3.0-5.2, including one event of M=4.5 and and one with M=5.2. Seven­ 
teen years of inactivity at the M 3.0+ level ended on 1 August 1989 with the occurrence of a
M=3.7 earthquake 20 km NE of downtown Portland. ubsequent to that event a magnitude
3.1 earthquake occurred in March of 1991. Most recently, an extended swarm of earthquakes
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has occurred at the northwest end of the Portland Hills, about 19 km northwest of Portland's 
downtown area. These earthquakes occurred within the Portland Hills fault zone, a zone that 
has been seismically quiet since at least 1982. The swarm began on 22 July 1991 with 
several M < 2.5 earthquakes, followed by a M=3.5 earthquake on that date. A M=2.8 earth­ 
quake followed on 27 July, M=3.1 and M=2.7 events on 18 October, and a M=3.0 on 21 
October. Overall, 32 earthquakes with M=0.9-3.5 occurred from 22 July through 2 November 
1991.

Very preliminary master event relocations of the eight events with M=2.0-2.9 and of the 
three M=3+ events place all but one of these eleven earthquakes within an area about 1 km 
across horizontally, and 1 to 2 km across vertically, centered at a depth of about 17 km. Prel­ 
iminary focal mechanisms for two of the three largest events are shown in Figure 1 (the 
mechanism annotated "(7/91 & 10/91)"). The third event was accompanied by a small 
foreshock ten seconds before it; the ground motion from the foreshock obscured the first 
motions of the larger event, making it difficult to obtain a focal mechanism for it. For the 
mechanism shown in Figure 1, if the NW striking nodal plane is the fault plane, the displace­ 
ment on the fault consists of almost equal components of dextral strike-slip and reverse 
motion on a SW dipping fault. Yelin and Patton (1991, reference given below in Reports) 
proposed that the Portland basin is a pull-apart basin, bounded on the southwest by the Port­ 
land Hills fault zone, which they hypothesize to be the locus of dextral strike-slip motion. 
This model would also predict the possibility of normal slip on the Portland Hills fault, as 
part of a possible on-going basin forming process. These earthquakes don't completely fit this 
model, because in addition to the predicted strike-slip motion, they appear to have a com­ 
ponent of reverse motion. This very preliminary analysis suggests that the kinematics of per­ 
manent crustal deformation in the Portland region may be more complex than portrayed by 
Yelin and Patton.

2. Paleoseismic studies on the Northern Oregon coast
Along the Salmon and Nehalem river estuaries on the northern Oregon coast, Grant has 

found at least four buried lowland soils. The most recently buried soil along both rivers yields 
radiocarbon ages of about 100-300 years B.P., and is probably coeval with subsided soils in 
southwestern Washington dated by Atwater at about 1700 A.D. This buried soil is covered 
with a sand sheet which thins upriver and toward the valley walls indicating that the sand 
source came from the ocean. We interpret this sand sheet as being laid by a tsunami. Two 
events prior to 1700 A.D. are not well dated at either of these rivers due to poor exposures 
and poor preservation of organic material but range in age from approximately 700-1600 
radiocarbon years B.P. The fourth buried soil is dated best at Nehalem River where it contains 
numerous spruce stumps; these stumps yield a radiocarbon age of approximately 1700 years 
B.P.

Evidence of prehistoric occupation associated with the most recent event (about A.D. 
1700) has been documented at both the Salmon and Nehalem Rivers. Three hearths were 
found at the Salmon River and one hearth was found at the Nehalem River, all within the 
uppermost buried soil. These hearths, interpreted as evidence of prehistoric Indian fishing 
camps, yielded radiocarbon ages of 470±60 and 550±60 at the Salmon River and 660±60 
radiocarbon years B.P. at the Nehalem River, and thus predate the earthquake-induced sub­ 
sidence. In addition, a fragment of a woven basket was found 2 cm above the uppermost 
buried soil at Nehalem River. We hypothesize that the basket floated to this site, and settled 
on the submerged soil in silt entrained in the water by severe shaking. An AMS radiocarbon 
age for the basket is pending. These discoveries provide the first direct evidence that 
earthquake-induced subsidence significantly affected prehistoric peoples living in coastal areas 
of the Pacfic Northwest.
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3. Humboldt Bay Earthquake Conference
On September 23-25 the U.S Geological Survey and Humboldt State University hosted a 

conference that focused on earthquake hazards in the vicinity of Humboldt Bay. Approxi­ 
mately 200 people attended the meeting, including members of the California State Seismic 
Safety Commission, officials from several state agencies, county officials from both California 
and Oregon, and members the USGS, the university community, and private companies. Field 
trips to local sites were conducted on the first day for] about 40 people and about 20 people 
took a repeat trip on the last day of the meeting. Examples of sites visited included Clam 
Beach, where three episodes of co-seismic uplift during the late Holocene have been inferred 
and a site in the Eel River Slough where three episodes of subsidence during the same time 
period as the Clam Beach uplift have been documented from buried peat layers. The second 
day of the conference was devoted to a series of oral presentations, poster sessions, and panel 
discussions that focused both on scientific issues of earthquake potential to problems faced by 
the planning and emergency response community.

Reports

Grant, W. C. and Weaver, C. S., 199?, Seismicity of the Spirit Lake area: Estimates of possi­ 
ble earthquake magnitudes for engineering desig4, in The formation and significance of 
major lakes impounded during the 1980 eruption of Mount St. Helens, Washington, U. 
S. Geological Survey Professional Paper, edited by R. L Shuster and W. Meyer, (for­ 
ever in press). Funded by Earthquake, Geothermal, and Volcano Hazards.

Ludwin, R., C. S. Weaver, and R. S. Crosson, 1991, Seismicity of Washington and Oregon, 
GSA Decade of North American Geology Associated Volume, Neotectonics, (in press). 
Funded by Geothermal, Volcano Hazards and Earthquake Programs.

Yelin, T. S. and H. J. Patton, 1991, Seismotectonics of the Portland, Oregon region, Bull. 
Seis. Soc. Am., 109-130. Funded by Earthquake and Geothermal Programs.

Nonis, R. D., 1991, The Cascade Volcanoes: Monitoring history and current land manag- 
ment, for U. S. Geol. Surv. Open-File Report, 9J-31, (in press, 80 pages). Funded by 
Volcano Hazards.

Shedlock, K. M., and Weaver, 1991, Program for earthquake hazards assessment in the Pacific 
Northwest, U. S. Geol. Surv. Circular 1067, 29 pp. Funded by Earthquake Hazards.

Weaver, C. S. and K. M. Shedlock, (in revision) Estimates of seismic source regions from 
considerations of the earthquake distribution and regional tectonics, for U.S. Geol. Surv. 
Prof. Paper, Earthquake Hazards in the Pacific Northwest, A. Rogers, W. Kockelman, 
G. Priest, and T. Walsh, eds., (34 pages, 10 figures). Funded by Geothermal and Earth­ 
quake Programs.

Nonis, R. D., 1991, Seismic observations of rock and 4ebris falls at Mount St. Helens, Wash­ 
ington, (abs), Seis. Res. Lett., 62, 16. Grant, W. C. and R. Minor, 1991, Paleoseismic 
evidence and prehistoric occupation associated with Late Holocene sudden submergence, 
northern Oregon coast (abs), EOS, Trans. Amer. Geophys. U., 42/Supplement, p. 313.
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Figure 1: Epicentral solutions with azimuthal gaps of 180° or less and distance to nearest sta­ 
tion of 40 km or less, for earthquakes from 1982 through October 1991. Focal mechanisms 
from Yelin and Patton (1991); except for 3/5/91 and 7/91 and 10/91 events, which are from 
University of Washington Geophysics Program. Coda magnitudes for individual events are 
noted above the mechanism. Dotted line is approximate 100 m contour which delineates the 
Portland-Vancouver basin. Fault zones and seismic zones from Yelin and Patton. Solid trian­ 
gles are currently operating seismographs in the immediate Portland area. Patterned diamond 
marks location of downtown Portland.
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Plio-Pleistocene Rotations across the San Andreas Fault System- 
Paleomagnetic Constraints on Inelastic Strain Accumulation

9540-70090

Ray Wells, John Hillhouse, Andrei Sarna-WoJcicki, and Wayne Thatcher
Branches of Western Regional Geology and Tectonophysics

345 Middlefield Road, MS 975
Menlo Park, California 94025

(FTS) 459-4933 
(Com) 415-329-4933

Investigations

We have begun sampling widespread Plio-Pleistocene tephra units in the Bay area for 
paleomagnetic study of rotations. These tephras were deposited quickly and may represent 
uniformly magnetized sheets which could provide ideal strain markers for deformation studies 
across the San Andreas system. These studies could place useful bounds on the relative 
proportion of permanent strain to elastically-restored deformation in the San Francisco Bay 
region. Our first target is the Roblar Tuff (6 ma), which crops out between the San Andreas 
and Green Valley Faults. Studies have begun in several known localities (Sebastopol, 
Petaluma, Sears Point, Berkeley Hills, Pinole, Lafayette and Green Valley) to test for tectonic 
rotation. We have also sampled 4 additional localities in the Huichica, Lawlor (4 (Ma), and 
Rockland tuffs (400 Ka) to establish characteristic paleomagnetic signatures and their 
possible value in studies of rotation rate.

Results

Initial paleomagnetic results from six of eight localities (140 samples) of the Roblar tuff 
indicate a stable normal polarity remanence that passes a modified fold test. Near Sebastopol 
in the Roblar quarry, a thick (-15 m) columnar-jointed tuff of similar age and composition 
may represent proximal ash-flow facies of the Roblar tuff. We interpret its well-defined 
direction Dec=002°, lnc=44°, 0195=2°, N=16) to be a characteristic TRM (thermal 
remanent magnetization). To the NW and SE the tuff thins to as little as 2 m, and is 
interbedded with marine, fluvial and estuarine sedimentary rocks. Although site-mean 
directions are similar to the TRM direction, the dispersions are greater, suggesting 
acquisition of a DRM (depositional remanent magnetization ) or PDRM (post-DRM).

The directional similarity among all sites indicates little differential rotation across the 
region, and because these directions are similar to the axial dipole field direction, the data 
suggest no major tectonic rotation of the sampled area. Our results are in accord with those 
of Mankinen [1989] from the nearby 3-8 Ma Sonoma Volcanics, which also show no rotation. 
Therefore, if rotations are occurring, rotation rates are less than ~2°/My, which is slow 
compared to the rate of rotation (almost 4°/My) inferred for the California Transverse 
Ranges. This implies that the majority of shear strain is being accommodated by movement 
on right-lateral faults, rather than by deformation distributed within blocks between the 
faults The relative proportion of permanent simplo shear strain to elastically stored 
deformation (measured by geodetic methods) is constrained to be less than 5%. Thus, within 
these limits, geodetic measurements of relative velocities across the San Francisco Bay area 
should equal the cumulative sum of the geologically determined slip rates across individual 
faults.
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Reports

Haeussler, P.J., Wells, R.E., Hillhouse, J.W., Sarna-Wojcicki, A., and Thatcher, W., 1991, 
Are there vertical axis rotations in the San Francisco Bay Region? Implications from 
Paleomagnetic studies: EOS, Transactions, American Geophysical Union, v. 72, p. 125.
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Tectonic Framework and Geology of the San Francisco Bay Region

9540-04530

Carl M. Wentworth and Earl E. Brabb 
Branch of Western Regional Geology

U.S. Geological Survey
345MiddlefieldRojid

MenloPark,CA 94625 
(415) 329-4950/5140

INVESTIGATIONS

Four principal activities were pursued as part of a larger Regional Geology project focussed on the 
Bay region:

1. Compilation of a digital map and database showing the distribution and physical character of 
surficial and bedrock materials in the southern San Francisco Bay region at a scale of 1:125,000, 
based on existing data (largely small-scale compilations prepared in the 1970's), and application 
to estimation of expected strong ground motion using CJIS techniques.

2. Preparation of a digital map showing the relation of faults and earthquakes in the southern San 
Francisco Bay region at a scale of 1:125,000. Included are fault traces from 1. (above), earthquake 
epicenters for the period 1972-1989 shown with symbols that distinguish magnitude (circle diam­ 
eter) and depth (color fill), selected focal mechanisms, and major historic earthquakes. See Olsen 
and others in Reports list.

3. Preparation of a preliminary digital geologic map of Contra Costa And Alameda Counties at a scale 
1:62,500, involving compilation of existing work, extensive field checking of stratigraphic iden­ 
tities and structural relations (with D.L. Jones), new njicropaleontology, and new photointerpre- 
tive mapping of the alluvial bay margin.

4. Completion of work on detailed geologic mapping and interpretation in the Loma Prieta region.

Other activities included discussion and advice concerning location of boreholes in the east Bay for 
the active monitoring array, cooperative interaction with w^rk by D.L. Jones, W. Lettis, and others in 
the region, and participation on the regional team (BAFEP).

RESULTS

The digital materials map of the southern Bay region was completed in draft form and (with R. 
Borcherdt) was applied to a reinterpretation of strong ground motion from a 1906 earthquake on the 
San Andreas fault (see Borcherdt and others, 1991, and Wentworth and others, 1991, in Results). The 
basic map was compiled at 1:125,000 using ALACARTE - ARC/INFO from maps by Brabb (1989), 
Helley and Lajoie (1979), and Ellen and Wentworth (in press), which in turn were compiled largely in 
the early 1970's. Using the San Francisco and the Stanford-San Jose areas as examples, the map units
were organized according to described physical properties and calibrated for shear wave velocity and
capability to liquify and to amplify ground motion. An attenuation curve for 1906 intensities was used
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with the GIS buffer function to define a series of contours (and polygons) representing the distribution 
of base ground motion (on Franciscan rock) around the San Andreas fault, and this map was combined 
with the amplification capability maps to produce maps of expected ground motion (according to this 
particular model).

Work in the East Bay area (with D.L. Jones, K. McDougall, D. Bukry, and W. Sliter) has involved a 
search for stratigraphic and structural ties across the Hayward, Calaveras, Chabot-Mission, and other 
faults to establish the style of deformation and the long-term history of displacement. Contacts be­ 
tween geologic units that were previously considered depositional are now believed to be thrust faults 
that bring together sections with significantly different geologic histories.

The area has been subdivided into six major fault blocks to reflect this hypothesis. Work is underway 
to understand how and when these blocks moved into their present positions. Preliminary theories 
suggest that these faults are listric splays from a sub-horizontal mid-crustal decollement that marks the 
transition from brittle upper crust to ductile lower crust. This decollement, not the San Andreas fault, 
is believed to be the present boundary between the Pacific and North American plates.

Collaborative work with R.A. Wise, H.W. Oliver, V.L. Langenheim, and S.F. Carle in the Branch of 
Geophysics has involved closely spaced gravity surveys in the Palo Alto area and near-surface elec­ 
trical apparent resistivity surveys (VLF) in the San Jose to Menlo Park areas. These surveys, in 
conjunction with records from water wells, indicate that the surface of the basement rock is highly 
irregular, with prominent domes and valleys buried beneath the alluvium around and under San Fran­ 
cisco Bay. Many of these features are probably the consequence of pre-alluvial erosion, but others 
must be associated with buried faults.

A related project with volunteer Walter Hensolt has resulted in a depth-to-bedrock map of San Mateo 
County and the first map to show where engineered structures are likely to require additional earth­ 
quake bracing to conform with the Uniform Building Code (see Hensolt and Brabb, in Results).

McLaughlin, R.J., Clark, J.C., Brabb, E.E., and Helley, E.J., Geologic map of Los Gatos 7 1/2 quad­ 
rangle, Santa Clara and Santa Cruz Counties, California: U.S. Geological Survey Open-File 
Map, 1:24,000, submitted.

REPORTS

Blake, M.C. Jr., Jones, D.L., McLaughlin, R.J., and Wentworth, C.M., 1991, Tectonic significance of 
fragments of Sierran basement in the northern Coast Ranges, California: Geological Society of 
America, 1991 Abstracts with Programs, v. 23, no. 2, p. 7.

Borcherdt, R., Wentworth, C.M., Janssen, A., Fumal, T., and Gibbs, J., 1991, Methodology for pre­ 
dictive GIS mapping of special study zones for strong-ground shaking in the San Francisco 
Bay region, CA: Proceedings of the Fourth International Conference on Seismic Zonation, 
August 25-29,1991, Stanford, California, v. HI, p. 545-552.

Brabb, E.E., Carle, S.F., and Pampeyan, E.H., 1991, Map showing elevation of the bedrock surface 
beneath the flatlands of Menlo Park, Atherton, and adjoining areas, California, in Oliver, 
H.W., editor, Preliminary ground-water-quality data and the extent of ground-water basin from 
drill-hole, seismic, and gravity data in the Palo Alto 7.5 quadrangle, California: U.S. Geolog­ 
ical Survey Open File Report 90-74, scale 1:24,000.

Clark, J.C., McLaughlin, R.J., Kistler, R.W., Champion, D.E., and Franck, C.R., 1991, Basement

719



II

structure southwest of the San Andreas Fault, Loma Prieta, Laurel, and Los Gatos Quadran­ 
gles, California: Geological Society of America, 1991 Abstracts with Programs, v. 23, no. 2, 
p. 13.

Hensolt, W.H., and Brabb, E.E., 1990, Maps showing elevation of bedrock and implications for design 
of engineered strucrtures to withstand earthquake shaking in San Mateo County, California: 
U.S. Geological Survey Open File Report 90-496J 2 map sheets, scale 1:62,500.

Jones, D.L., and Brabb, E.E., 1991, New geologic map of Contra Costa and Alameda Counties, Cali­ 
fornia: Geological Society of America, 1991 Abstracts with Programs, v. 23, no. 2, p. 40.

Langenheim, V.L., Carle, S.F., Oliver, H.W., and Brabb, fe.E., 1991, Geophysical studies of mid-San 
Francisco Peninsula, California (abs.): American (jjeophuysical Union Program and Abstracts, 
p. 121.

McLaughlin, R.J., 1990, Sargent fault zone at Loma Prieta, field trip stop #4, m, Schwartz, D.P., and 
Ponti, D.J., eds., Field guide to neotectonics of the San Andreas fault system, Santa Cruz 
Mountains, in light of the 1989 Loma Prieta earthquake: U.S. Geological Survey Open-File 
Report 90-274.

McLaughlin, R.J., Elder, W.P., and McDougall, Kristin, 1991, Tectonic framework of the Loma Prieta
area, m, Sloan, Doris, and Wagner, D.L., eds., California Division of Mines and Geology
Special Publication 109, p. 45-54.

Olsen, J.A., Wentworth, C.M., and Showalter, P.K., Seismicity of the southern San Francisco Bay 
region, California, and its correlation with map] >ed faults: Geological Society of America, 
1991 Abstracts with Programs, v. 23, no. 2, p. 85.

Wentworth, C.M., and Blake, M.C., Jr., 1991, Preliminary geologic map of the San Jose 1:100,000 
quadrangle, California: Geological Society of America, 1991 Abstracts with Programs, v. 23, 
no. 2, p. 108.

Wentworth, C.M., Borcherdt, R.D., Fitzgibbon, T.T., and Showalter, P.K., 1991, Application of GIS 
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the Fourth International Conference on Seismic Zonation, August 25-29, 1991, Stanford, Cal­ 
ifornia, v. HI, p. 537-544.
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Hayward Fault Recurrence Behavi or: Trenchi ng 
Studies, Fremont and Oakland California

14-08-0001-G2115 
1 July91 - 30 June92

Patrick L. Williams and David L Jones 
Department of Geology and Geophysics

University of California 
Berkeley, California 94720

Phone: (510) 486-7156
FAX: (510) 486-5686 

e-mail: plwilliams@lbl.gov

Recurrent motion of the Hayward fault is recorded by offset, tilt, and liquifaction of late 
Holocene pond and fluvial deposits at the northern end of Tule Pond, in Fremont, California. Tule 
Pond is contained in a 100-m-wide pull-apart graben cutting the Holocene alluvial fan complex of 
Alameda Creek. The pond is fault-bounded on the west and east. The eastern trace is not through- 
going and thus is unlikely to accommodate creep. During 1991 two trenches were excavated across 
the eastern trace (M3, M4) and a third trench (M5) cut adjacent to the fault. These and two 
trenches excavated during 1990 reveal evidence for up to five Hayward fault ruptures in the past 
1700 years. Evidence for two additional events is equivocal and requires corroboration. 
Significant gaps in the sedimentary record were also identified , thus some late Holocene ruptures 
are almost certainly not recorded at this site. Two ruptures within the past <320 years (events R, 
U) are suggested by 19° and 8° tilts of successive, originally flat-lying pond strata. A maximum 
southern Hayward fault recurrence time of 190 years is inferred from the <320-year-age of the 
package of successively tilted strata and subtraction of the 133-year-age of historical rupture of 
this segment. Strata appear to have sustained warping with a vertical amplitude of about 2m during 
this period. Additional constraint of the faults average recurrence time is needed.

Results from radiocarbon analysis of individual detrital charcoal clasts show abundant old 
charcoal in the pond sediments. The ages summarized above are inferred from the youngest 
population of age determinations for given horizons. The younger detrital ages were indicated by 
40% of our 1990 samples. All but one of a suite of 15 charcoal clasts submitted for radiocarbon 
analysis in 1991 were determined to be significantly older than the previously interpreted ages of 
their host beds. Because several stratigraphic inversions are indicated by the new dates, we 
suspect that our 1991 sampling picked a higher percentage of old charcoal than previously, or, that 
a systematic error was introduced during radiocarbon measurement. In order to exclude the latter 
possibility we are submitting four splits to a second AMS facility for confirmation. We are also 
considering whether the stratal ages at this site may be, in fact, older than previously interpreted.

FY1991 Accomplishments:
a) Logging of three new trenches at the north end of Tule Pond;
b) collection and archiving of over 200 charcoal, bone, and peat 

samples
c) Submission of 16 samples for AMS 14C analysis

Additional work planned
Three projects are planned for this funding period: 1) excavation of a trench 5 meters south of 

M2; 2) collection of several cores to a depth of 5m along the M1 to T5 transect to extend and tie 
those records; and 3) submission of additional charcoal and other carbon-rich material for dating.

Acknowledgments
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Pinon Flat Observatory: 
A Facility for Studies of Crustal Deformation

14-08-0001-G1764

Frank K. Wyatt, Duncan Carr Agnew, and Hadley O. Johnson
Institute of Geophysics & Planetary Physics

Scripps Institution of Oceanography
University of California, San Diego
La Jolla, California 92093-0225

(619)534-2411

This grant supports the operation of Pinon Rat Observatory (PFO) as a research center for 
the study of crustal deformation. Through this grant, the U.S. Geological Survey provides 50 
percent of the funding needed both for running the 160-acre facility and for maintaining the 
reference-standard instruments there. Matching funds are provided by a grant from the National 
Science Foundation. The work done at PFO includes establishing the accuracy of instruments 
designed for measuring various geophysical quantities by comparing results from them with data 
from the best available continuously recording deformation monitors. Combining results from the 
complementary systems provides for unmatched accuracy in the monitoring of strain and tilt 
changes at the observatory, located between the seismically active San Jacinto fault and hazar­ 
dous southern San Andreas fault system. All of this effort is intended to foster development of 
precision instrumentation and from this an improved understanding of the earth. Particularly for 
crustal deformation studies, more accurate measurements are needed for a better understanding of 
the mechanics of faulting.

The "reference instruments" operated at PFO with this support include: (1) three long-base 
laser strainmeters, one fully anchored and one partly so; (2) two long-base liquid tiltmeters 
(described below); (3) two borehole tiltmeters; (4) water-level monitors of an array of closely- 
spaced wells; and (5) meteorological and environmental monitors. Additional projects carried out 
at the facility by ourselves (under separate funding) and by other investigators include:

A. Seismic Measurements.
(A-l) Several seismic systems operated by UCSD provide broad-band, high-dynamic-range 
records of ground motion over the frequency range of 0.001 Hz to 100 Hz. (A-2) PFO was 
recently used as a station in a worldwide satellite-telemetered seismic network, part of the 
GSE experiment sponsored by the Geneva Conference Group of Scientific Experts. (A-3) For 
the first half of 1991 Indiana University, University of South Carolina, and UCSD operated a 
dense array of shallow-borehole seismometers at and around PFO to study the coherence of 
different seismic wavefields. (A-4) Downhole seismometer installations by the U.S. Geological 
Survey continue to operate and provide data on the difference between surface and deep 
records.

B. Continuous Deformation Measurements.
(B-l) Under separate funding, we have continued tests of optical fiber monument-anchoring 
systems (discussed with the long-base tiltmeter in the last section). (B-2) The Lamont-Doherty 
Geophysical Observatory long-base tiltmeter, running in parallel with one of ours, has contin­ 
ued to yield stable results. (B-3 and B-4) A Carnegie Institution of Washington borehole
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dilatometer and a borehole "tensor" strainmeter run by the University of Queensland continue 
to operate and provide exceptionally high-quality strain data at periods of interest to fault-zone 
monitoring. (B-5) Over the past year, the University of Colorado has fielded several tiltmeters 
at their three borehole sites, and is pursuing studies of the tides seen on them. (B-6) Since 
1990 PFO has served as a continuous tracking site for the cooperative southern California 
GPS array called PGGA, and two other GPS receivers, one 50 m away and one 14 km away, 
are being run continuously to learn about the optimal handling of GPS data, sources of noise, 
and the earth over these distances. (B-7) Another project by Scripps researchers has been the 
development of a long-base tiltmeter for seafloor use; a prototype is currently under test at the 
site.
C. Geodetic Surveys.
(C-i) Absolute gravity measurements have been made at the reference pier by UCSD and NGS 
instruments. (C-2) The 2-color EDM network around PFO is being surveyed several times a 
year by the U.S. Geological Survey, and we are about to undertake the deep anchoring of two 
of the monuments in this network. (C-3) Mobile VLBI measurements by the National Geodetic 
Survey were made though 1990. (C-4) GPS measuifements are frequently being made at the 
site by several groups, including the NGS, some universities, and various state/county organi­ 
zations. The continuously recording PGGA receiver at the site makes it relatively easy to 
incorporate PFO into all GPS surveys being done nearby.
D. Miscellaneous.
(D-i) A radio-frequency emissions detector has been installed by the Naval Ocean Systems
Center we hope that running it at PFO will provide a strong check on its results.

One of the PFO projects recently concluded is the construction of a second Michelson-Gale 
long-base tiltmeter with fiber-optic anchoring, a N-S instrument. As this instrument is now part 
of the facility's reference standards, the most recent results from it are described here. Figures 1 
and 2 present measures of tilt between various end-vaults, along with the anchoring signals 
needed to correct for unwanted motions of the near-surface end-monuments. The original UCSD 
tiltmeter (roughly E-W, and with vacuum-pipe optical-anchoring at both ends) ran between vaults 
RHO and TAU, spanning a distance of 533 m. On 1990:247 the vault at TAU flooded and a fair 
amount of the equipment was ruined. This occurred in the course of adding yet another experi­ 
ment (the long-base sea-floor tiltmeter mentioned abovfc); a trench leading to the vault was left 
open and flash-flood waters swept along it and into the vault The flooding might have been 
minimal but the ground under the foundation of the 2.5 m-deep concrete-walled vault had never 
been compacted and the ground there liquified, allowing the flooding. We therefore show (Figure 
1) the records to date of the extended instrument RHO-to-UPL. It was our good fortune that ear­ 
lier (in 1986) the original tiltmeter was extended some 117m past TAU, to vault UPL, to create a 
facility there for testing of optical fiber anchors; the loss of TAU thus has not crippled our efforts 
to monitor the E-W tilt signal. (It should be noted that the L-DGO tiltmeter could perform this 
function equally well.) Comparisons of the original ai^d extended instrument (not shown here) 
establishes that the two were in close agreement up untik the demise of TAU, though the extended 
system yields a slightly degraded tilt signal: more noise and a clear cycle-per-year component 
Figure 1 shows first the water-height difference with the signal from RHO already fully corrected 
for anchoring (RHO*), leaving only the fiber-optic anshor record at UPL as the "correction" 
series. The fiber data which gives the extension in the depth interval 5.4 to 10.4 m, just below
the vault's footing does not have a profound effect on
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is quite similar with or without it. This implies that (1) the ground below 5.4 m at UPL is quite 
stable, and (2) that the ground is tilting uniformly along the azimuth of the tiltmeter (106°). It 
would be hard to get such good agreement between the original RHOto-TAU instrument and the 
extended instrument RHOto-UPL if both were not tme.

Figure 2 presents the data from the new N-S tiltmeter, both as water-height difference and 
as corrected water-height difference. The correction signal here is made up of fiber-anchor 
records from UPL and CHI. While we are somewhat suspicious about the long-term stability of 
the latter at times changing at a rate of +100 urn/year over its 26 m base-length not using it 
produces a corrected tilt series only slightly different from what is presented here. (We are about 
to add a system in parallel with it to verify the apparently large and deep ground displacements.) 
The clear cycle-per-year component of both the fibers "correction" series and the differenced 
water-height data comes from direct temperature effects, some understandable some not; by 
design, the new end vault (CHI) was run without thermal regulation for its first year. This was 
done both to test the vault design and to establish the temperature response of the many sensors. 
During this initial period the temperature in CHI was allowed to follow the annual ground-surface 
temperature (little attenuated at this depth), while UPL has always been thermally controlled to 
allow other experiments to be conducted there without causing huge perturbations to the vault's 
temperature. The combination of an unregulated and regulated vault should lead to what's 
observed, though theoretically we'd expect the cycle-per-year component to be of somewhat 
lesser magnitude. Our year-long test completed, an air conditioner was installed at CHI on day 
1991:060. In another year's time we expect to have a better feel for the overall noise in the new 
system.

One of our discoveries has been that our water-height gauge, a constant elevation platform 
(CEP), works well in all regards save one: stability of the platform's tiltmeter. The tiltmeter on 
the CEP keeps the stage level, both for optical alignment with the water surface and to ensure that 
height measurements made at its edge match the displacements directly over the fluid. The bub­ 
ble transducers we are using are so sensitive to temperature that large thermal changes can tilt the 
platform out of optical alignment. We are working on this problem and hope it will be resolved 
soon.

The combined effect of the vault's temperature imbalance and the fibers' and the CEP's 
temperature sensitivity is thus far a less-than-ideal measurement of N-S tilt. The original tilt- 
meter has shown that the annual cycle of tilt (at one azimuth anyway) is less than 0.05 urad, and 
that there are only gradual, and quite small variations in the secular tilt: of order 0.1 urad/yr or 
less. The design of our new tiltmeter approaches this long-term stability, but its response to 
thermal changes in this period yields an annual cycle of order 0.1 urad, with other spurious 
fluctuations at shorter periods.

Overall we are pleased with the outcome of this research effort; we believe we are now in a 
good position to build and operate a high-quality long-base tiltmeter at sites remote from this 
"home" observatory. The costs (-$100,000) and field operations for such a system would seem 
to be manageable. For those places where geodetic techniques indicate that crustal deformations 
are rapid or unstable, indicative of (say) accelerated fault movement at depth, we believe such 
instruments could contribute significantly to improving our understanding of the earth; while their 
cost means they will likely never be useful for broad spatial coverage, such long-baseline instru­ 
ments offer continuous records of crustal deformation with a precision tens to hundreds of times 
better than geodesy over periods of a few years and shorter.
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Seismic Quiescence as an Earthquake Prediction Tool

Agreement No. 14-08-0001-G1962

Max Wyss and R. E. Habermann
Cooperative Institute for Research in Environmental Sciences 

University of Colorado
Boulder, CO 80309-0: 

(303) 492-5642
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Heterogeneity of Reporting in the Revised Preliminary Earthquake Catalog of 
Central California

We concentrated our initial efforts with this new catalog on the area surrounding the Loma 
Prieta earthquake. We found that magnitude shifts are present. North and south of Loma Prieta, 
positive and negative magnitude shifts exist, respectively. The raw data for the southern part of the 
Loma Prieta aftershock zone show an impressive seismicity rate decrease in excess of 50% that 
lasted for many years. This observation might be interpreted as a quiescence precursor to the 
Loma Prieta mainshock of 18 October 1989. However, we found that three negative magnitude 
shifts of-0.1 each probably accumulated a difference of AM=-0.3 between the 1970s and the late 
1980s magnitudes in this area. After correcting for what we interpret as magnitude shifts, no 
precursory quiescence anomaly exists before the Loma Prieta earthquake. We find that the type of 
reporting change is different in neighboring volumes with dimensions of 20 km in some parts of 
central California. The results of this study will be published in paper (1) (see below).

Heterogeneity of Reporting in the Earthquake Catalog of the Western North 
Anatolian Fault Zone

In collaboration with researchers from the University of Kiel we have investigated the 
difference in magnitudes reported by the German and the Turkish analysts. During the first two 
years of operations two magnitudes, MI and M2 were reported for each earthquake based on 
different definitions, one by each research group. During the second two years only one 
magnitude was reported. We used this data set to test our method to detect inadvertent changes in 
the magnitude scale. The direct comparison of the duplicate magnitude sets gave the "observed" 
magnitude difference which we used for calibration. The heterogeneous data set on which we 
tested the GENAS method to detect magnitude scale changes was made up of two years of MI data 
followed by two years of M2 data. Our method found the time of change and the magnitude shift 
correctly within small uncertainties. However, we also found that in addition to a shift, stretching 
of the magnitude scale occurred. These results represent significant progress in the effort to 
develop methods to identify artificial reporting rate changes in earthquake catalogs. The results of 
this investigation are described in manuscript number 4 (see below).

Quantitative Evaluation of Precursory Seismic Quiescence

We measured seismic quiescence that occurred before two earthquakes with M=4 and 
M=4.3 located in the North Anatolian fault zone. The anomalies lasted 8.5 and 12 months
respectively, and they were confined to the vicinity of the source volumes of these mainshocks.
Therefore, and because we cannot explain the observation by a magnitude shift, we interpret these
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as precursory quiescences. One of them can be recognized without generating any false alarms, the 
other is similar in significance to some other periods of low reporting which become false alarms 
when some time window lengths are used for the comparison test, but not when more optimal 
windows are used. These results are important because they add two more qualitatively studied 
case histories to a small number (less than 20) of well analyzed cases. These findings are reported 
in publication number 3 listed below.

We also finished our work on evaluating the recent period of low seismicity at Parkfield 
that we had started in the previous grant period. Although no substantially new results have come 
to light, beyond our report in Nature on this subject, we have a detailed discussion in this paper on 
improvements of the method of identifying quiescence and of discriminating it from artificial 
reporting rate changes (publication number 2 in the list below).

In addition we evaluated quantitatively the rate decrease reported by us 10 years ago that 
occurred before the Kalapana (M=7.2) earthquake of 1975. At the time of our publication of these 
data the method we currently use for quantitative evaluation had not been developed yet. Thus it 
was necessary to re-examine the data using our present quantitative method and our skeptical 
attitude, testing for the possibility of an artificial origin of the reduction in reporting rate. We found 
that this rate decrease does not have the characteristics typical of a magnitude shift and is therefore 
interpreted as a precursor anomaly (see publication 1 listed below).

Independent Evaluation of our Method

We have nominated "seismic quiescence" for the List of Significant Precursors which is 
being prepared by the International Association of Seismology and the Earth's Interior (IASPEI) 
during the International Decade for Reduction of Natural Disasters. For this nomination we put 
together a large document of which we include the "nomination statement" as Appendix A. Our 
nomination was not accepted for the list, but it was also no rejected. It was placed in the 
intermediate category of "no decision". Only four other nominations have been placed in this 
category with requests by the reviewing panel for additional information. In our case we were told 
verbally to furnish a more detailed analysis of the false alarm rate. We expect that the written 
evaluation will contain additional criticism that we are to address before seismic quiescence will be 
reconsidered for inclusion in the IASPEI List.

This result of an independent evaluation of our method is a fairly good one, considering 
that only one type of precursor to mainshocks is currently accepted for the List (except for the 
phenomenon of foreshocks), and that 80% of the nominations were not accepted. We expect that 
we may be able to address the IASPEI panel's concerns by additional work performed with 
support by this program.

Corroborative Evidence for Systematic Variations in Magnitudes

We have developed a number of tools which can be used to identify systematic shifts in 
magnitudes using only information from a single catalog and magnitude type. These techniques 
depend on an assumption that natural seismicity is stationary in the absence of errors in 
magnitudes. This assumption is probably reasonable. Nevertheless, we are constantly seeking out 
new data, which can be used to corroborate our interpretations. Data sets that have two 
independent sets of magnitudes for the same events allow us to test and calibrate our methods to 
identify variations in catalogs with single magnitudes.

We are in the process of carrying out an examination of differences between the ISC and 
maximum likelihood magnitudes for over 100,000 events recorded globally between 1964 and 
1983. We have identified a number of systematic shifts in magnitude differences which we
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assume to reflect shifts in the ISC magnitudes. These shifts can be used to predict rate variations 
which are very close to those observed. These results are important because they agree with 
results derived using our single catalog techniques and because they clearly demonstrate that global 
catalogs cannot be used for meaningful studies of seismicity rate variations before errors in 
magnitudes are understood and corrected.

Relationship between Seismicity and Fault Creep

We compared quantitatively the time-averaged surface fault creep rate, seismic slip rate 
(from moment release), and rate of micro-earthquake occurrence for the creeping section of the San 
Andreas Fault in central California. The seismicity data came from the USGS CALNET and 
Parkfield catalogs, which were carefully examined and adjusted to account for artificial reporting 
changes, cut at a minimum magnitude of homogeneity (Ml.5), and declustered. The fault creep 
observations were made by 25 USGS creepmeters along the creeping section. Earthquakes 
occurring within 10 km of a creepmeter along strike and within 3 km of the fault trace were 
associated with the creepmeter. Time averages covered periods varying from 3 to 19 years in the 
1970s and 1980s.

We found that, for the creeping section taken as a whole, the creep rates correlated strongly 
with the earthquake occurrence rates but not with the seisfnic slip rates. The ratio of seismic slip 
rate to observed creep rate varied from a high of ~0.16 in the northwestern part of the creeping
section to D.0015 near Cholame at the southeastern end rf the creeping segment. Furthermore,
the data subdivide the creeping section of the fault into three segments (NW, central, and SE) on 
the basis of differing ratios among the creep rate, seismic slip rate, and earthquake occurrence rate. 
The NW portion of the creeping section appeared to be more strongly seismically coupled than the 
remainder in the time periods covered, possibly because north of about 36.5°N the fault is 7.5° 
more oblique to the plate slip vector than farther south, leading to higher fault-normal stress.

If each earthquake results from the failure of a single asperity (locked patch) on the fault, 
with the earthquake magnitude proportional to the size of the locked patch (i.e. asperities with 
uniform strength per unit size), and the intervening fault slips freely, then our observations are 
consistent with: 1) Relatively fewer and smaller locked patches in the central section 2) Relatively 
large number of all sizes of asperities in the NW, and 3) One or more principal large asperities in 
the SE.

Publications

Article resulting from the previous grant, which appeared ttys year:

Reporting history of the central Aleutians seismograph network and the quiescence preceding the 
1986 Andreanof Island earthquake, (M. Wyss), Bull. Seism. Soc. Amer., 81, 1231-1254, 1991.

Articles submitted for publication and in preparation, resulting from this grant:

(1) An artificial and a precursory seismic quiescence, (M. Wyss), in Earthquake Prediction - State 
of the Art, submitted, 1991.

(2) Seismic quiescence: A test of the hypothesis and a precursor to the next Parkfield, California, 
earthquake (M. Wyss, R.E. Habermann and P. Bodin), Geophys. J. Int., submitted, 1991.

(3) Precursory seismic quiescence in the Mudurnu Valley, 
M. Westerhaus, H. Berckhemer and R. Ates), Geophys. J.

North Anatolian fault zone (M. Wyss, 
Int., submitted, 1991.
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(4) A test of the magnitude signature technique to detect artificial seismicity rate changes in 
earthquake catalogs (M. Wyss, C. Milkereit, H. Berckhemer and R. Ates), Geophys. J. Int., 
submitted, 1991.

(5) Temporal magnitude stability in the ISC earthquake catalog, (R.E. Habermann), in preparation. 

Abstracts published in conference proceedings, resulting from this grant:

(1) Artificial and natural seismic quiescences in the Adak seismic catalog, (M. Wyss), IUGG, 
Vienna, August, 1991.

(2) Examples of an artificial and a precursory seismic quiescence, (M. Wyss), Earthquake 
Prediction - State of the Art, Strasbourg, October, 1991.

(3) What does microseismicity tell us about fault creep? (P. Bodin and M. Wyss), EOS, 72, 291, 
1991.
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APPENDIX

Nomination of precursory seismic quiescence as a significant precursor for 
the list being compiled by the International Association of Seismology and 
the Earth's Interior.

submitted May 1991
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NOMINATION OF PRECURSORY SEISMIC QUIESCENCE AS A 
SIGNIFICANT PRECURSOR

by

Max Wyss *
Cooperative Institute for Research in Environmental

Sciences (CIRES)/Department of Geology
University of Colorado at Boulder

Campus Box 216 
Boulder, CO 80309-0216

Summary

The purpose of this document is to nom­ 
inate seismic quiescence for the IASPEI List of 
Significant Precursors. Precursory seismic quies­ 
cence is denned as a statistically significant 
decrease of the background seismicity rate res­ 
tricted to a mainshock volume (and possibly its 
vicinity), that precedes this mainshock by 
months to years, and that occurs in all magnitude 
bands (or possibly in the larger magnitude bands 
only). The size of the mainshock can vary from 
3.5 to 9.5 depending on the tectonic environ­ 
ment, but it must be a major event and it is usu­ 
ally followed by an aftershock sequence.

There have been at least two successful 
earthquake predictions based on quiescence. In 
three additional predictions there are some ques­ 
tions whether the prediction may have been 
fulfilled by chance. In spite of these successes I 
do not view the method as fully matured and 
ready for application. Rather I see it as needing 
further development but matured enough to be 
placed on the List. More case histories, 
refinements of the detection method, and con­ 
straints for the physical explanation are still 
needed. The total number of quantitatively meas­ 
ured case histories of seismic quiescence that can 
be viewed as reliable is between 10 and 20.

If false alarms are defined as instances of 
quiescence that are as significant or more so than 
some precursory quiescences, then the false 
alarm rate may be approximately 50%. This rate 
of false alarms is tolerable. The rate of failures to 
predict are less well known, but it may also be in

the 50% range.
The greatest source of errors that interferes 

with identifying correctly precursory seismic 
quiescence is the heterogeneous reporting in 
earthquake catalogs. Many reductions in report­ 
ing rate can be traced to artificial sources. 
Without a careful study of the reporting history 
of a catalog, and testing of proposed quiescences, 
false claims of precursors are possible.

After careful consideration of the current 
state of our understanding of quiescence I feel 
that several very strong case histories exist and 
several weaker ones. Thus I no longer doubt that 
the phenomenon of precursory quiescence actu­ 
ally occurs, although I feel that its characteristics 
are poorly known at the present.

Introduction

The first suggestion that seismic quiescence 
may precede large mainshocks came from Mogi 
(1969) who observed a doughnut-pattern of 
earthquakes having M>6. In and near the epicen- 
tral area the seismicity rate was reduced, while it 
was enhanced at larger distance. Since this 
discovery several authors have qualitatively dis­ 
cussed data with this seismicity pattern, or varia­ 
tions of it (e.g. Kelleher and Savino, 1975). 
However, these early analyses will not be used 
here in support of quiescence because they were 
not done quantitatively. Seventeen case histories 
that are fairly convincing and those for which the 
seismicity rate decrease was measured quantita­ 
tively were summarized by Wyss and Haber- 
mann (1988a, attachement 1). Two new addi­ 
tional case histories and the five of the list by

* Now at Geophysical Institute, University of Alaska, Fairbanks, AK 99775-0800
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Wyss and Habermann in which we have most 
confidence arc briefly summarized in this nomi­ 
nation.

The conditions for a case to be included 
here in support of the quiescence hypothesis arc: 
(1) that the seismicity rate decrease has been 
measured quantitatively, (2) that the significance 
of this rate decrease has been evaluated, (3) that 
the association of the anomaly with the 
mainshock, in space and time, has been plausibly 
demonstrated, and (4) that it was shown in a 
thorough analysis that the rate decrease was most 
likely not due to artificial reporting rate changes. 
It is necessary to impose this important last con­ 
dition because the majority of significant seismi­ 
city rate changes that we have encountered were 
due to changes in the seismograph network and 
in the method by which the catalog was com­ 
piled (e.g. Habermann, 1982; 1983, 1986, 1987, 
1988; Habermann and Wyss, 1984; Perez and 
Scholz, 1984; Wyss and Burford, 1985; Wyss 
and Habermann, 1988b; Habermann and Craig, 
1988; Wyss and Fu, 1989; Wyss, 1991,1992).

I believe that the rigor and amount of effort 
we have applied to test the probability that the 
quiescences are real, and not brought about 
artificially, is greater than for any other precursor 
discussed in the literature. For example it has 
become standard procedure in our work to docu­ 
ment in detail the noise level against which the 
significance of a potential precursory quiescence 
(target) has to be judged. We do this by compar­ 
ing the z-values (standard deviate z) of the rate 
change in the target sample (comparing the 
quiescence to its background rate) with the z- 
values of several thousand other samples. These 
other samples are seismicity rates in randomly 
chosen volumes in the vicinity of the target 
volume during periods equal to the target dura­ 
tion. In these histograms we find that the target 
z-values are either the largest of all samples (that 
means the significance of the anomaly is unique, 
never surpassed during the known history of the 
area in question) or the z-values of one to three 
samples exceed that of the target (in this case one 
to three false alarms exist). Examples of histo­ 
grams containing these comparisons are figure 3 
in Wyss and Burford (1987), figure 10 in Wyss 
and Habermann (1988), figure 4 in Wyss et al. 
(1991), and figure 6 in Wyss and Fu (1989).

In our research of the phenomenon of pre­ 
cursory quiescence we spend approximately 
three quarters of the effort on analysis of the 
heterogeneities of the earthquake catalogs (the 
chief noise source). As a consequence we now 
have a new understanding of the nature and the 
causes of artificial reporting rate changes, and we 
have a great deal of confidence in the top quality 
case histories of precursory quiescence which we 
will present below.

Material Submitted in Support of the Nomination

The important points concerning the 
strengths and weaknesses of seismic quiescence 
as a precursor have been made in articles pub­ 
lished and in press. Thus we summarize them 
only very briefly in this nomination and refer the 
reader to the articles attached. The following list 
of articles is ordered in the approximate 
sequence of importance for supporting the nomi­ 
nation and of quality of the data for case his­ 
tories.
(1) Wyss, M., and RrErHabermann, Precursory 

quiescence, PAGEOPH, 126, 319-332, 
1988a.

(2) Habermann, R.E., Precursory seismic 
quiescence: Past, present and future, 
PAGEOPH, 1988.

(3) Wyss, M. and R.E. Habermann, Precursory 
quiescence before the August 1982 Stone 
Canyon, San Andreas fault, earthquakes, 
PAGEOPH, 126, 333-356,1988b.

(4) Wyss, M., Seismic quiescence precursor to 
the 1983 Kaoiki (Ms = 6.6), Hawaii, earth­ 
quake, Bull. Seism. Soc. Amer., 76, 785- 
800,1986.

(5) Wyss, M., P. Bodin, and R.E. Habermann, 
Seismic quiescence at Parkfield: an 
independent indication of an imminent 
earthquake, Nature, 345, 426-428,1990a.

(6) Wyss, M., Reporting history of the central 
Aleutians seismograph network and the 
quiescence preceding the 1986 Andreanof 
Island earthquake, Bull. Sets. Soc. Amer., 
in press, 1991.

(7) Kisslinger, C., An experiment in earth- 
ftuake prediction and the 7 May 1986 
Andreanof islands earthquake, Bull. Seism.
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Soc. Amer., 78, 218-229, 1988.
(8) Wyss, M., and R.O. Burford, A predicted 

earthquake on the San Andreas fault, Cali­ 
fornia, Nature, 329, 323-325,1987.

(9) Wyss, M. and R.O. Burford, Current 
episodes of seismic quiescence along the 
San Andreas fault between San Juan 
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The Strongest Case Histories

The strengths and weaknesses of some of 
the strongest case histories in my view are sum­ 
marized below, using the attached support 
material for reference.

(1) Kaoiki, 16 November 1983, M = 6.6.
The seismic quiescence shown in figures 4, 

5 and 8 by Wyss (1986) are the most striking 
documentations of seismic quiescence known to 
me. Their statistical significance is very high.

Also the seismicity rate is high which means that 
during the 2.5 year precursor time approximately 
300 earthquakes that would have been expected 
based on the background rate did not occur. P. 
Reasenberg, M. Matthews and I re-analyzed this 
anomaly with the intent to make it disappear, if 
possible. However, the anomaly stood up to all 
tests we could design (Reasenberg et al., 1988). 
It definitely exists. Reasenberg and I still 
disagree on the interpretation of the 
phenomenon: he suggested that one might inter­ 
pret the rate during 1978 to 1981 (the back­ 
ground time according to my interpretation) as 
unusually high instead of that during 1981 to the 
mainshock as unusually low. The rate decrease 
from high to low, however, is not in question.

The lack of control volumes around the 
Kaoiki area may be viewed as a shortcoming 
because it is desirable to demonstrate constant 
reporting in neighboring parts of the area 
covered by the seismograph network. However, 
there are parts of the source volume which show 
constant seismicity rates throughout (figures 4, 5, 
and 7 in Wyss, 1986). Thus it is very unlikely 
that the quiescence is artificial.

(2) Kalapana 29 November 1975, M=7.2.
The seismicity rate in the source volume of 

this earthquake is high such that the quiescence 
is well defined (figures 4, 5, and 6 of Wyss et al., 
1981). At the time of the original investigation 
we had not yet developed the quantitative tech­ 
niques to evaluate the significance and possible 
artificial source of such an anomaly. For this rea­ 
son this case was re-investigated. It was found 
that indeed the rate decrease is highly significant 
and cannot be explained by an artificial cause 
(figures 5, and 7 in Wyss, 1992).

The shortcoming is that no neighboring 
control volumes are available. However, based 
on the detailed analysis of this anomaly by the 
magnitude signature technique I conclude that 
the anomaly is not caused artificially (figure 5 in 
Wyss, 1992).

(3) Andreanof Islands 7 May 1986, M = 7.9.
The seismic quiescence is outstanding to 

the eye in this case (figure 3 in Kisslinger, 1988; 
figure 7 in Wyss, 1992). The main concern was
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that repairs to the seismograph network at the 
time of the anomaly onset may have in some way 
influenced the reporting rate negatively. How­ 
ever, this question was examined in detail (Wyss, 
1991) and there is virtually no reasonable way in 
which this anomaly could have been created 
artificially. An independent data set also shows 
quiescence (figures 8, 9, and 10 in Wyss 1992). I 
conclude that this quiescence was real and that 
the prediction issued by Kisslinger et al. (1985) 
was in essence fulfilled by this earthquake. The 
probability of a very large earthquake to occur by 
chance in a short time interval and along a plate 
boundary segment that had ruptured rather 
recently (in 1957 in the great Rat Island earth­ 
quake) is very low indeed.

(4) Stone Canyon 31 May 1986, M = 4.7.
The prediction of the size and location of 

this earthquake (Wyss and Burford, 1985) was 
fulfilled very accurately (figure 1 in Wyss and 
Burford, 1987), and it occurred on the last day of 
the specified time window. The probability of 
success at random was estimated as less than 5% 
(Wyss and Burford, 1987). The anomaly was 
strong and unique for this part of the San 
Andreas fault (figures 2, and 3 in Wyss and Bur- 
ford, 1987; figure 10 in Wyss and Burford, 
1985).

A shortcoming is that the seismicity rate 
within the anomalous volume was perturbed by 
another precursory quiescence, that of the August 
1982 earthquakes sequence studied by Wyss and 
Haberman (1988b). This prediction generated 
one false alarm. In the attached original docu­ 
ment (Wyss and Burford, 1985) two false alarms 
were generated, one at San Juan Bautista and one 
at Cienega Winery. In a revised version of this 
work (not provided here) the Cienega Winery 
prediction was cancelled because the statistical 
significance was low.

(5) Stone Canyon August 1982.
Several mainshocks and numerous aft­ 

ershocks added up to an equivalent magnitude of 
M=5. The statistical significance of this anomaly 
is high enough to be unique (it generated no false 
alarm, figure 10 in Wyss and Habermann, 
1988b). A detailed and rigorous analysis of the 
catalog indicates that the anomaly is not likely to

be artificial (Wyss and Habermann, 19885).

(6) Parkfield 29 August 1986, M = 3.6.
Although of small magnitude this earth­ 

quake was the second largest earthquake in the 
Parkfield segment of the San Andreas fault for 
the lafct 24 years. The largest during this time 
occulted before the catalog was of high enough 
quality for a seismicity pattern investigation. The 
shortcoming is that only about 50 earthquakes 
were available for definition of the anomaly, 
however it is a quite significant anomaly (figure 
1 in Wyss et al., 1990). This result was not 
available yet when the summary table 1 of Wyss 
and Habermann (1988a) was published.

(7) Hilea 21 January 1982, M = 5.4.
This anomaly is somewhat marginal 

(figures 3 and 5 in Wyss and Fu, 1989) possibly 
because of the relatively low seismicity rate. 
This case is mentioned here because it was pub­ 
lished after the summary of Wyss and Haber­ 
mann (1988a) and because it is an example of a 
possible anomaly just barely resolvable at the 
edge of the noise level, even with a strong effort 
at solving catalog problems (appendix in Wyss 
and Fu, 1989). A small number of false alarms 
exist in the data set (table 2 in Wyss and Fu, 
1989).

Additional Cases Analyzed Quantitatively
Additional cases in which we have fairly 

high confidence that they represent real rate 
changes are listed in table 1 of Wyss and Haber­ 
mann (1988a). The Oaxaca cases in this list are 
now in question because of problems with 
heterogeneous reporting (Habermann and White- 
side, 1990). The rest of the cases listed are still 
acceptable. They are not summarized here 
because the quantitative work was done some 
years back with less rigorous investigations of 
catalog problems than we conduct currently. 
Thus I would rank them after the most convinc­ 
ing cases 1 through 5 listed above, and about 
equal to the cases 6 and 7 above.

Successful Predictions

The occurrence of an earthquake with the 
parameters specified beforehand does not neces-

736



II

sarily validate the prediction or the method used 
because the earthquake may have happened by 
chance. The Oaxaca earthquake of 29 November 
1978 (M = 7.8) appeared to be a successfully 
predicted event (Ohtake et al., 1977; 1981) until 
Whiteside and Habermann (1989) showed that 
the observed rate decrease may have been 
brought about artificially.

There are two predictions in which I have 
confidence that they were fulfilled not by chance. 
These are the aforementioned strong cases (3) 
and (4). In these cases all aspects of the data 
have been investigated in great detail.

Two additional predictions that may have 
been successful are discussed by Habermann 
(1988, page 311). However, these were based on 
investigations published about 10 years ago at a 
time when the detail and rigor of seismicity pat­ 
tern research was not up to the standards we now 
demand.

False Alarms and Failures to Predict

False alarms exist, but as long as their per­ 
centage is not too large they do not invalidate the 
quiescence method to predict earthquakes. I am 
aware of three false alarms. These are summar­ 
ized by Habermann (1988, pages 312 and 313).

We define "failures to predict" as those 
mainshocks before which the background rate 
was measurable but did not decrease. 
Mainshocks which occur in areas where the 
seismicity rate is too low to be measured reliably 
are not predictable by the quiescence method, 
but they are not counted as failures of the 
hypothesis that quiescence precedes mainshocks.

One failure is documented by Wyss (1992), 
another is mentioned by Wyss and Fu (1989). I 
believe that the claim by Reasenberg and 
Mathews (1988) of having found several failures 
is incorrect, because these authors have not 
tested the hypothesis that quiescence is expected 
in the source volumes of the mainshocks. Only a 
fraction of the crustal volumes examined by 
these authors for quiescence covered the 
mainshock source volumes, the rest was sur­ 
rounding crust. According to many authors (e.g., 
Mogi, 1969) a seismicity rate increase is 
expected in the surrounding crust. Thus the 
analysis of Reasenberg and Matthews (1988) did

not address the hypothesis as proposed by us.
At the present the rate of failures to predict 

is poorly known. In my estimation it may be 
about 50%. However, it is not crucial to know 
this rate for assessing the validity of the quies­ 
cence method. If we can show convincingly that 
quiescence occurs before at least some 
mainshocks, then we have a valid, although not 
failure proof, method to predict earthquakes.

The Achilles Heel of the Quiescence Method

The heterogeneity of reporting present in 
most earthquake catalogs is the greatest source of 
problems and it can lead to false claims of pre­ 
cursors unless great care is used in analyzing the 
reporting history of the catalog. An example of a 
quiescence that might have been misinterpreted 
as a precursor is discussed by Wyss (1992). 
Other authors who discuss in detail the problem 
of catalog heterogeneity are Habermann (1982, 
1983, 1986, 1987, 1988), Habermann and Wyss 
(1984), Perez and Scholz (1984), Wyss and Bur- 
ford (1985), Wyss and Habermann (1988b), 
Habermann and Craig (1988), Wyss and Fu 
(1989), Wyss (1991, 1992).

Although heterogeneous reporting adds 
undesirable noise to the parameter we wish to 
monitor, the seismicity rate, the problems created 
by this are not unsurmountable. We simply have 
to use methods which allow us to measure a sig­ 
nal in the presence of noise. This is a common 
problem in all of science, and we have made pro­ 
gress in developing methods to recognize 
artificial rate decreases (see any of the references 
given in the previous paragraph, especially the 
more recent ones).

The Cause of Quiescence

There are not enough constraints available 
to identify the physical process that is responsi­ 
ble for quiescence. Most of our work has concen­ 
trated on dealing with noise sources and estab­ 
lishing that precursory quiescence really exists, 
before speculating on the cause of it. Neverthe­ 
less I can think of several mechanisms that might 
be at work. The observation that quiescence may 
be correlated with a reduction in creep rate along 
the San Andreas fault (Wyss and Burford, 1985; 
1987) and reduction in deformation rate (Wyss et
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al., 1990a, 1990b) suggests that the fault segment 
in question may become clamped by a redistribu­ 
tion of stresses due to other tectonic events in the 
area, or that the strain accumulation rate may 
have been reduced (Stuart, 1991), or that dila- 
tancy hardening (Scholz et al., 1973) in the fault 
zone may reduce its mobility. Any of these three 
mechanisms could explain the observed quies­ 
cence within a fault zone, such as in the 
aforementioned strong cases numbers 4, 5 and 6. 
However, it is not clear which of these would be 
most plausible in terms of being an integral part 
of the unknown process that could be described 
as the earthquake failure preparation process.

Yet another mechanism can be proposed 
for cases in which the quiescence is observed in a 
volume surrounding a fault, but not necessarily 
concentrated on a fault surface. These cases are 
earthquakes located in subduction zones (exam­ 
ple 3 of aforementioned strong case histories) 
and in Hawaii (examples 1 and 2), where the 
quiescence is probably due to reduction of the 
rate of shallow earthquakes distributed 
throughout the entire depth range of the crust 
above the near horizontal fault plane. In these 
cases the most attractive explanation may be pre­ 
cursory slip softening along the fault plane (e.g. 
Stuart, 1979).

It is easy to think of some reasonable 
mechanisms which can explain quiescence. Thus 
the phenomenon cannot be rejected as impossi­ 
ble. However, it is clear that we need more 
detailed case histories and constraints by addi­ 
tional parameters to select a compelling physical 
model to explain quiescence.

Conclusions

Several cases of extremely strong quies- 
cences have been investigated in great detail, and 
it was found that they are statistically highly 
significant and that they cannot be reasonably 
explained by catalog heterogeneity. Several addi­ 
tional cases of quantitatively measured quies­ 
cence have been documented. The method of 
measuring quiescence has progressed from using 
visual means to using a quantitative approach, 
and the understanding of the noise sources has 
made a great deal of progress during the last few 
years. Therefore I feel that quiescence is a real 
phenomenon and the method to detect it has

matured to a point that is acceptable for the List 
of Significant Precursors, although much more 
work needs to be done to understand this param­ 
eter and its role in the earthquake generation pro­ 
cess.
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Investigations

We are completing three reports, one on three balanced cross sections through 
Red Mountain-Oak Ridge, Ojai Valley-Ventura River-Oak Ridge, and Upper Ojai-Oak 
Ridge, another on a tectonic synthesis on the east Ventura basin, and a third on balanced 
cross sections through the east Ventura basin. We submitted an open-file report on the 
Piru 7 1/2-minute quadrangle, which includes part of the Piru segment boundary, 
described below.

Results

We recognize three segment boundaries between the west Ventura basin and the 
San Fernando Valley.

The westernmost of the boundaries, called here the Piru segment boundary is at 
the transition between the west Ventura basin, in which an extremely thick Pliocene- 
Pleistocene sequence is caught at maximum burial between the Oak Ridge reverse fault 
on the south and the San Cayetano fault on the north. The Oak Ridge fault and both 
strands of the San Cayetano fault terminate east against this boundary, and the Santa 
Susana, Holser, and Del Valle faults terminate west against it. Thicknesses of Pliocene 
and Pleistocene strata are much greater west of the boundary than east of it.

The next boundary eastward lies on a lateral ramp of the Santa Susana fault and 
is here called the Gillibrand Canyon structure (Yeats, 1987). The Del Valle and Holser 
faults and the Newhall-Potrero anticline terminate eastward against this boundary, and the 
Pico anticline and Oat Mountain syncline terminate westward against it. Northwest of the 
boundary, the San Gabriel fault has a straight trace, normal separation down to the east, 
and little or no late Quaternary displacement. Southeast of the boundary, the San Gabriel 
fault has a curved, southward-convex trace, reverse separation down to the west, and is 
suspected to be reactivated as an oblique-slip reverse fault in late Quaternary time. A 
northeast-trending zone of high seismicity follows the zone across the east Ventura basin 
and San Gabriel fault (Pechmann, 1987).

The eastern boundary marks the northwest margin of the San Fernando Valley and 
is here named the Chatsworth ramp after the Chatsworth normal fault that forms the
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northwest margin of the valley farther southwest (Shields, 1977). The Chatsworth fault 
formed prior to deposition of upper Miocene turbidites of the Tarzana fan. Farther north, 
the Whitney Canyon fault has pre-Pliocene normal separation, down to the west, and 
young reverse separation, down to the east. East of this boundary, the Pliocene- 
Pleistocene sequence is at maximum burial in the Sylrnar basin in the footwall of the Santa 
Susana fault, and the hanging wall of 1971 surface faulting. The boundary was described 
as a west-facing downstep of the fault plane of the 1971 San Fernando earthquake; the 
mainshock and many left-slip aftershocks occurred in the vicinity of this boundary, and 
surface rupture was entirely east of the boundary (Whitcomb et al., 1973).
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Investigations

We have obtained more than 800 wells in the area between Sawtelle oil field on the 
Veterans Administration property near the San Diego Freeway and the Las Cienegas oil 
field to the east, close to downtown Los Angeles. We have completed a preliminary 
structure contour map of the base of the Pleistocene gravels (base of San Pedro 
Formation) based solely on oil-industry wells (Figure 1), but we have yet to integrate this 
with ground-water data. We are working on structure contours at the base of the 
Pliocene and on structure cross sections across the fold-thrust belt east of the Newport- 
Inglewood fault. A well base map showing the map projection of directionally-drilled wells 
is being prepared at a scale of 1:6,000. This study is receiving supplemental support 
from the Southern California EarthquaKe Center, which permits us to have two additional 
people on the project and to make the base map.

Results

Marine mudstone of the Fernando (Pico) Formation grades conformably upward 
into sands and gravels of the San Pedro Formation, a^ shown in the Adamson CH# 1 log 
of Figure 2. To the north, the San Pedro overlap$ the Pico and rests with angular 
unconformity on strata as old as late Miocene (Laurel CH #2 of Figure 2). The base of 
the San Pedro is not age-calibrated, although it may be possible to age-calibrate the San 
Pedro in exposures in the Cheviot Hills and Baldwin Hills. The base of the San Pedro 
may not be a strict time marker over the entire study area. However, structure contours 
of the base of the San Pedro show evidence of deformation of such a large scale that 
stratigraphic changes in fades do not obscure the structure.

The structure-contour map is shown as Figure 1. Well logs shown in Figure 2 are
identified by stars in Figure 1. Also shown are topog 
controlled, mapped by James Dolan and Kerry Sieh 
following:

-aphic scarps, believed to be fault- 
of Caltech. The map shows the

(1) The contours define a west-trending broad anticlirie with its axis centered on Wilshire 
Boulevard. The arch is stepped left across the northern extension of the Newport- 
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Inglewood fault. We have named this feature the Wilshire arch.

(2) The structure east of the Newport-lnglewood fault consists of the central deep of the 
Los Angeles basin, labeled "Los Angeles trough" on Figure 1, flanked on the north by the 
Wilshire arch and on the southwest by a NNW-plunging anticline centered on the 
Newport-lnglewood fault. This anticline on the Newport-lnglewood fault is referred to here 
as the Central uplift. The northeast flank of the Central uplift appears to be part of a 
growth structure that may conceal a NE-verging blind thrust that may extend at least 40 
km along strike to the SE (Suppe et al., 1991, their Fig. 7). Similarly, the south flank of 
the Wilshire arch may be part of another growth structure concealing a S-verging blind 
thrust, again following criteria descibed by Suppe et al. (1991).

(3) North of the Wilshire arch, the strata dip northward toward the Hollywood fault, which 
is expressed by youthful fault topography (J. Dolan and K. Sieh, pers. comm.).

(4) All these structures terminate at the northern extension of the Newport-lnglewood fault. 
West of the Newport-lnglewood fault, the south flank of the Wilshire arch is a south-facing 
warp that may be related to the Santa Monica fault, which has youthful fault topography 
mapped by J. Dolan and K. Sieh. South of the Santa Monica fault, the base of the San 
Pedro is virtually flat-lying over the Western shelf. We have not yet been able to define 
a north flank of the Wilshire arch except close to the extension of the Newport-lnglewood 
fault.

Reference: Suppe, J., Chou, G. T., and Hook, S. C., 1991, Rates of folding and faulting 
determined from growth strata, in Thrust Tectonics. McClay, K. R., ed.: Chapman & Hall, 
London, p. 105-122.
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Active Faults and Folds in the Salem Metropolitan Area, Oregon

Agreement No. 14-08-0001-G2131

Robert S. Yeats and Shaul Levi
Dept. of Geosciences and College! of Oceanography

Oregon State University
104Wilkinson Hall 

Corvallis, OR 97331-5506

(503) 737-1226 

Investigations

We are collecting water-well and engineering-geology subsurface data south of the 
Waldo Hills in the Santiam basin, which we suspect is tectonically downwarped, as based 
on the longitudinal profile of the Willamette River. We are taking samples for 
magnetostratigraphy from the Sublimity core hole on the northeast margin of the Santiam 
basin where we have a full section of overbank clay deposits which are as yet undated. 
Tom Popowski received permission to use multichannel seismic lines in the Tualatin Valley 
west of Portland, thereby allowing him to recognize previously-unrecognized young faults.

Results

The seismic lines in the Tualatin Valley show that the Columbia River Basalt Group 
at Cooper Mountain is faulted against younger fluvial deposits along a NE-trending fault 
that extends into the rapidly-developing Portland suburb of Beaverton. A second fault 
was recognized to the northwest. Evidence of faulting is the juxtaposition of basalt 
against post-basalt sediments based on the seismic lines and on water wells. These 
sediments have not been dated, but could be as young as Pleistocene.

We previously showed that the Willamette River, which now flows west of the Salem 
Hills through a water gap into Salem, previously flowed east of the Salem Hills through 
a water gap between the Salem Hills and Waldo Hills, a gap now occupied by an underfit 
stream, Mill Creek. The channel gravels of the proto-Willamette River extend into the 
Santiam basin east of the Salem Hills and do not follow the present course of the 
Willamette River. Scott Burns of Portland State University finds the gravels north of the 
Mill Creek gap near Salem, adding support to our suggestion that the former channel of 
the Willamette River occupied the present channel of Mill Creek and was subsequently 
arched upward along with the Waldo Hills.

Report

Yeats, R. S., Graven, E. P., Werner, K. S., Goldfinger, C., and Popowski, T. A., 
1991, Tectonics of the Willamette Valley, Oregon: U. S. Geological Survey Open-File 
Report 91-441 P.
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CONSTRAINTS ON INTRAPLATE DEFORMATION

9930-02669

Mary Lou Zoback 
Seismology Branch 

U. S. Geological Survey 
345 Middlefield Road, MS 977 

Menlo Park, CA 94025 
(415) 329-4760

INVESTIGATIONS:

1. A methodology was developed to determine the nature of stresses responsible for intraplate 
earthquakes and to determine, in-situ, the conditions for slip (fault zone frictional coeffient and 
pore pressure) in these intraplate events. The methodology was first applied to well-constrained 
focal mechanisms of midplate North American events.

2. Interpretation of global intraplate crustal stress patterns and their sources was done using a 
database of over 4100 tectonic stress orientations compiled as part of the World Stress Map 
Project, an international collaborative effort including over 30 scientists from over 25 different 
countries lead by the project chief.

3. The state of in-situ crustal stress was determined for the Puget Sound region from wellbore 
breakout analysis, volcanic vent alignment analysis, and stress inversion of focal mechanisms. 
The results are compared with evidence of active crustal deformation in the region including 
geodetic strain data.

RESULTS:

1. Focal mechanisms of 32 well-constrained North American midplate earthquakes (mb=3.8- 
6.5) were evaluated using independent information on in-situ stress orientations from wellbore 
breakout and hydraulic fracturing data. Assuming that the principal stress field in the crust lies in 
approximately horizontal and vertical planes (±10°) and that the the slip vector represents the 
direction of maximum resolved shear stress on the fault plane, one can directly calculate a 
parameter defining the relative stress magnitudes <J)=(S2-S3)/(Si-S3) from the fault/stress 
geometry. As long as there is a component of oblique-slip movement, this calculation identifies 
which of the two nodal planes is a geometrically possible slip plane.

The selected fault planes are analyzed using conventional frictional faulting theory. In order 
to compute the magnitude of the shear and normal stresses acting on the fault plane, data are 
needed on magnitudes of the regional principal stresses. Since available in-situ stress 
measurements sample only the upper 1-2 km in this region, the ratio of 81/83 (ratio of 
maximum/minimum compressive stress) was determined assuming that the shear strength of the 
crust is constrolled by the frictional strength of optimally-oriented pre-existing faults. In this 
case the ratio, 81/83, is simply a function of pore pressure and the frictional coefficient. A
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second constraint on principal stress magnitudes comes from the computed ty value. Finally, all 
stresses are normalized by the vertical principal stress which is assumed equal to the lithostat. 
Two end memeber possibilities were examined to explain the observed slip: (i) hydrostatic pore 
pressure was assumed everywhere in the crust and the frictional coefficient of the fault zone was 
determined, and (ii) hydrostatic pore pressure was assumed regionally in the crust but allowed to 
vary locally in the earthquake fault zone, in this case the irictional coefficient was held constant 
on all faults and the local value of pore pressure was determined. Since pore pressure is a 
measurable quantity with real limits in the crust (P0<S3, or else natural, in-situ hydrofracturing 
would occur), this second end-member case is used to determine which of the geometrically 
possible slip planes are jnationally possible slip planes.

The results of this analysis were used to categorize the 32 events into one of two categories: 
1) deformation is the result of a localized stress anomaly, or 2) deformation occurs on "well- 
oriented" pre-existing fault planes in response to the regional stress field. Five of the events 
investigated clearly fell into the first category, having slip vectors inconsistent with the regional 
stress field and thus requiring a localized stress anomaly to explain the seismicity. Two 
additional events from the New Madrid region had nodal planes striking approximately in the 
inferred maximum horizontal stress direction and may also record a local stress roatation. 
However, the majority of the earthquakes (23 out of 32, including two other events from New 
Madrid) can be explained as reactivation of well-oriented pre-existing fault planes. Slip on these 
"well-oriented" faults require only modest increases in pore pressure (between about 0.4-0.8 of 
lithostatic; hydrostatic is about 0.37 of lithostatic) and/or modest lowering (<50%) of the 
frictional coefficient on the faults which slipped. Focal mechanisms for two earthquakes had slip 
vectors geometrically consistent with the regional stress field however slip in both these events 
required extremely low coefficients of friciton (<0.3) or pore pressures far exceeding the least 
principal stress. These events may reflect either local stress rotations undectected with current 
sampling or poorly constrained focal mechanisms.

The analysis also confirmed a roughly north to south variation in stress regime between the 
central and eastern United States and southeastern Canada previously suggested by a contrast in 
focal mechanisms between the two areas. The analysis indicates that most earthquakes in 
southeastern Canada require a thrust faulting stress regime whereas those in the central and 
eatstern United States occur in response to a strike-slip stress regime. This constrast in stress 
regime with a constant ENE maximum horizontal stress (Snmax) orientation requires a systematic 
lateral variation in relative sress magnitudes. Although this lateral stress variation coincides 
roughly with the southernmost edge of the last late Pleistocene ice sheet, superposition of simple 
flexural models of glacial-rebound stresses cannot explain the observed variation.

2. To date more than 6700 in-situ stress orientations have been compiled globally as part of the 
World Stress Map Project. Of these, approximately 4100 are considered reliable tectonic stress 
indicators, recording horizontal stress orientations to within ±25° (Figure 1). Remarkably good 
correlation is observed between stress orientation deduced from in-situ stress measurements and 
geologic observations made in the upper 1-2 km, from wellbore breakout extending to 4-5 km 
depth and those inferred from earthquake focal mechanisms to depths of ~20 km. Regionally 
uniform stress orientations and relative magnitudes permit definition of broad-scale regional 
stress patterns often characterizing regions with widths 20-200 times the approximately 20-25 
km thickness of the upper brittle lithosphere (Figure 2). These "first-order" midplate stress fields 
are believed to be largely the result of compressional forces applied at plate boundaries, primarily 
ridge push and continental collision. The orientation of the intraplate stress field is thus largely 
controlled by the geometry of the plate boundaries. There is no evidence of large lateral stress 
gradients which would be expected if simple resistive or idriving basal drag tractions (parallel or 
antiparallel to absolute motions) controlled the intraplate stress field.
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Intraplate areas of active extension are generally associated with regions of high topography: 
western U. S. Cordillera, high Andes, Tibetan plateau, western Indian Ocean. Bouyancy 
stresses related to crustal thickening and/or lithospheric thinning in these regions dominate the 
intraplate compressional stress field due to plate driving forces. These bouyancy forces are just 
one of several categories of "second-order" stresses, or local perturations, that can be identified 
once the first-order stress patterns are recognized. These second-order stress fields can often be 
associated with specific geologic or tectonic features; e. g. lithospheric flexure, lateral strength 
contrasts, as well as the lateral density contrasts which give rise to bouyancy forces. These 
second-order stress patterns typically have wavelengths ranging from 5-10+ times the thickness 
of the brittle upper lithosphere.

A two-dimensional analysis of the amount of rotation of regional horizontal stress 
orientations due to a superimposed local stress constrains the ratio of the horizontal component of 
the regional shear stress to the local uniaxial stress. For a detectable rotation of 15° , the local 
horizontal uniaxial stress must be at least twice the magnitude of the horizontal component of the 
regional shear stress. Examples of local rotation of Snmax orientation include: a 80-90° rotation 
on the northeastern Canadian continental shelf possibly related to margin-normal extensional 
stresses drived from sediment-loading flexure, a 40-50° rotation within the East African rift 
relative to western Africa due to extensional bouyancy forces due to lithospheric thinning, and a 
90° rotation along the northern margin of the Paleozoic Amazonas rift in central Brazil. In this 
final example, the rotation is hypothesized as due to deviatoric compression oriented normal to 
the rift axis resulting from local lithospheric support of a dense mass in the lower crust beneath 
the rift (a so called "rift pillow").

3. The most significant result of our analysis and integration of stress data in the Puget Sound 
region is the establishment of a N-NNE maximum compressive stress within the brittle crust of 
this basin and the surrounding region. This stress field is consistent with the ~ N-S compression 
observed throughout much of the Pacific Northwest and inconsistent with NE to ENE 
compression which would be inferred from strong coupling with the obliquely 
subducting the Juan de Fuca plate. While strain may be accumulating on the subduction 
zone beneath this region, earthquake focal mechanisms (to 20 km depth), wellbore breakouts, 
young geologic structures (primarily E-W trending anticlines) are all consistent with the N-NNE 
maximum compressive stress direction. Earthquake hazard related to this N-NNE compression 
and ongoing deformation of the upper crust must not be ignored in the assessment of earthquake 
risk in this region. An open-file report summarizing the results of the breakout analysis in this 
region is currently ready for review.

REPORTS

Richardson, R. M., and Zoback, M. L., 1990, Amazonas rift: modeling stress around a 
Paleozoic rift in South America: EOS (Trans. American Geophysical Union), v. 71, p. 
1606.

Mueller, B., Zoback, M. L., Fuchs, K. F., Mastin, L., Gregersen, S., Pavoni, N., 
Stephansson, O., and Lunggren, G, 1991, Tectonic stress patterns in Europe: Journal of 
Geophysical Research, in press.

Zoback, M. L., 199la, Stress field constraints on intraplate seismicity: Journal Geophysical 
Research, in press.

Zoback, M. L., 199Ib, First and second order patterns of stress in the lithosphere: the World 
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REGIONAL AND NATIONAL SEISMIC HAZARD AND RISK

9950-01207

S.T. Algermissen, E.V. Leyendecker, D.M. Perkins, P.C. Thenhaus, B.K. Bender,
R.L. Wheeler, M.G. Hopper, S.L. Hanson, M. Chapman-Wilbert,

L. M. Highland, N. Dickman, P. Powers

Branch of Geologic Risk Assessment
U.S. Geological Survey
Denver Federal Center

M.S. 966, P.O. Box 25046
Denver, CO 80225

Investigations

The primary effort was preparation of a new generation of national probabilistic 
ground-motion hazard maps (the contiguous 48 states) which allow development of 
uniform hazard spectra. The maps are for nationwide use in the "NEHRP Recommended 
Provisions for the Development of Seismic Regulations for New Buildings" published by 
the Federal Emergency Management Agency (FEMA) and developed by the Building 
Seismic Safety Council (BSSC). The basis for development of the maps evolved in a 
cooperative effort between the USGS and the committee on Seismic Hazard Maps of the 
BSSC. The new maps are for spectral response acceleration instead of the now traditional 
peak or effective ground acceleration and velocity. The new maps present 5 percent 
damped uniform hazard spectral values (equal probability response spectra) for a reference 
site condition with a 90 percent probability of not being exceeded in 50 and 250 years.

Preliminary studies based on examination of spectral shapes for ten cities in the 
U.S. indicate that the entire response spectra can be adequately modeled using spectral 
values at 0.3 and 1.0 second. Thus, two sets of maps showing uniform hazard spectral 
values at 0.3 and 1.0 seconds nationwide provide the basis for calculating a response 
spectra curve anywhere in the U.S. Equations for seismic design coefficients for use in 
lateral force design based on these maps have been developed and proposed. The maps 
and design equations are for trial use as an appendix to the 1991 edition of the NEHRP 
Provisions. The inclusion of an appendix is intended to encourage evaluation of the new 
maps and design procedures.

Concomitant with development of national maps of uniform hazard spectra, a 
number of issues in modeling probabilistic ground-motion were investigated to improve 
such models in the ground-motion hazard maps. Investigations of model sensitivity to 
parameter choices included point-source models vs. finite-length rupture models, depth of 
modeled sources, maximum magnitude assignment, and characterization of best-estimate 
ground-motion values using mean, trimmed mean and median values. In addition, a 
complete probabilistic ground-motion hazard mapping system was developed for use with a 
Macintosh personal computer system to aid the dissemination of ground-motion hazard 
mapping technology and techniques.
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Results

1. National Maps of Uniform Hazard Spectra

The maps of uniform hazard spectra are useful towards the goal of two-stage 
seismic code provisions that provide elastic design criteria to ensure building serviceability 
following ground-motions likely to occur during the buildings' lifetime and inelastic design 
criteria to guard against collapse from ground-motions that are unlikely but possible. The 
maps are derived from the seismic source zone model aid the earthquake activity 
parameters used in the national probabilistic hazard triads of peak horizontal acceleration 
and velocity by Algermissen and others (1990) and the attenuation relations of spectral 
response acceleration by Joyner and Boore (1982) andiBoore and Joyner (1991). The 
reason for using the seismic source model and earthquake parameters from the previous 
generation of national hazard maps was to facilitate legitimate comparison and review of 
design methods between two methods of representing earthquake strong ground-motion. 
Future work will emphasize a complete reconstruction of seismic sources and reevaluation 
of earthquake recurrence parameters and probability models that went into the previous 
generation maps. The spectral maps are representative of the set of spectral response 
acceleration maps (as percent of gravity) at periods of 0.3 and 1.0 seconds for a type 82 
soil profile for a probability of not being exceeded of 90 percent for exposure times of 50 
and 250 years (return periods of 474 and 2,372 years, Respectively).

Figures 1 and 2 are representative of the ground-motion maps prepared for the 1991 
NEHRP Provisions appendix. Figure 1 is the spectral acceleration map for California and 
Nevada using a 50 year exposure time (90 percent chance of not being exceeded) and a 
period of 0.3 second. Figure 2 is a spectral acceleration map for a period of 1.0 second for 
the central and eastern United States with an exposure time of 50 years (90 percent chance 
of not being exceeded).

2. Approximate Spectra for Use in Design

The shapes of the spectral response curves were studied for ten cities using the 
twelve spectral ordinates available for each of the two attenuation relations. These spectra 
for 5 percent damping are shown in Figure 3, normalizjed to unity at a period of 0.3 sec. by 
dividing each ordinate by the spectral ordinate at 0.3 second. A clear distinction in shape 
is seen for spectra obtained for cities in the western U.S. as opposed to cities in the eastern 
U.S. The latter locations exhibit much higher response at short periods.

The non-normalized spectra for locations in San Francisco and Memphis are shown 
in Figures 4 and 5, respectively. Three curves are shown in each figure: (1) a complete 
response spectrum using all twelve ordinates of the attenuation relations, (2) an 
approximate spectrum using only the mapped spectral ordinates at 0.3 and 1.0 seconds, 
and (3) a design spectrum also developed using only the mapped spectral ordinates at 0.3 
and 1.0 seconds but for use with the 1991 NEHRP Provisions appendix. The approximate 
response spectrum and the design spectrum were obtained using similar equations based on 
the mapped spectral ordinates at 0.3 and 1.0 seconds. These two spectra are obtained by 
the following equations with (Cs) denoting either the approximate response spectra or the 
design spectra. The constant portion of the spectrum, which also constitutes a maximum 
value, is described by Equation 1. The varying portion of the spectrum is described by 
Equation 2.

Cs = SA(03)IR

Cs =

(Equation 1) 

(Equation 2)
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where:
SA(0.3) - the seismic coefficient representing the spectral acceleration at 0.3 sec. 
SA(I.O) - the seismic coefficient representing the spectral acceleration at 1.0 sec. 
R = a response modification factor depending on the type of structure 
S = the coefficient for the soil profile depending on the type of structure 
T = the fundamental period of the building 
n = 1.0 for T<1.0 sec and 2/3 for 7>1.0 sec.

The equations describe the approximate response spectrum when n is taken as 1.0 over the 
entire range of values for T. These equations describe the design spectrum when n varies 
depending on the value of T as described above. As can be seen from figures 4 and 5, the 
approximation to the complete response spectrum is very good.

3. Issues in Modeling the Seismic Hazard

Investigations of earthquake rupture models in the eastern United States considered: 
1) short, medium and long (San Andreas-like) rupture length vs. magnitude models, 2) two 
random-vibrations attenuation models for peak acceleration and spectral velocity, and 3) 
two very different sites, one within a region having a low rate of historical seismicity and a 
second site near the New Madrid Seismic Zone. Results suggest that point-source models 
are adequate up to magnitude 7.0 Ms for diffuse and low-seismicity sources which produce 
low to medium probabilistic ground motions (less than about 0.3 g, peak horizontal 
accelerations) at the desired return periods. However, for sources having high activity 
rates with maximum magnitudes above 6.5 MS, it is necessary to model the source with 
finite ruptures, particularly for sites closer to the source than 60 km and for return periods 
producing ground motions larger than about 0.3 g peak horizontal acceleration.

IThe effect of changing source-depth for strong ground-motion between 3 and 10 
km is often as great as changing the maximum magnitude by 0.6 magnitude units. When 
compared to the range of hazard estimates resulting from alternative source zone 
configurations, uncertainty in source-depth of strong ground-motion is a minor source of 
uncertainty.

For distributions of maximum magnitude having center magnitudes of 5.5 to 7.3 
MS and for probabilistic ground motions having return periods of 10^ years or less, the 
effect of a choice of maximum magnitude over a range of 0.6 magnitude units is small 
compared to the range of hazard estimates resulting from alternative source zone definitions 
and seismicity parameters

Although a mean of alternative hazard estimates is in keeping with the concept of an 
"expected number" under uncertainty, it is highly sensitive to extreme estimates and the 
presence of methodological bias in minority estimates. The median estimate, on the other 
hand, is both resistant to extreme estimates as well as less sensitive to methodological 
differences resulting in a more stable hazard estimate. Trimmed means may be preferred to 
medians where there are more than just a few alternative estimates that need to be 
combined.

4. Desktop Seismic Hazard Computation

The USGS computer program used in the estimation of probabilistic ground-motion 
hazard, SEISRISK HI, has previously been adapted for use on IBM or IBM-compatible 
personal computers (Arnold, 1990). We have recently adapted SEISRISK HI to a 
Macintosh II computer system and have further developed utility programs for seismicity 
catalog manipulation, seismicity parameter estimation and hazard map plotting in order to 
create a complete hazard mapping system for a Macintosh n personal computer. All of the 
programs have been tested and a prototype system has been installed at the Geological
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Research and Development Center in Bandung, Indonesia, with the cooperation of the 
Agency for International Development, Office of Foreign Disaster Assistance under the 
auspices of The International Decade for Natural Hazard Reduction. The compact and 
relatively inexpensive system will, for the first time, allow complex probabilistic ground- 
motion hazard calculations and mapping to be performed in a "desktop" environment. 
Future development of the system will concentrate on creating a Mac-like "windows"
interface for the user. Once developed, the user interfac could easily be adapted to the
next generation of hazard-mapping software, FRIENDLY, that is currently in testing.

Reports

Algermissen, S.T., Krumpe, P.R., and Hays, W.W., 1^91, The Worldwide Earthquake 
Risk Management (WWERM) Program: Proceedings <if the 23rd. U.S.-Japan Panel on 
Wind and Seismic Effects, Tokyo, Japan, May 13-17, 1991. 3 p.

Algermissen, S.T., Leyendecker, E.V., Bollinger, G.A., Donovan, N.C., Ebel, I.E., 
Joyner, W.B, Luft, R.W., and Singh, J.P., 1991, Probabilistic ground-motion hazard 
maps of response spectral ordinates for the United States: Proceedings, Fourth 
International Conference on Seismic Zonation, Stanford, California, v. 2, p. 687-694.

Algermissen, S.T, Leyendecker, E.V., Perkins, D.M., Thenhaus, P.C., Bender, B.K., 
Wheeler, R.L., and Hanson, S.L., 1990, New generation probabilistic ground motion 
hazard maps for the United States: EOS, v. 71, No. 43, p. 1439.

Algermissen, S.T., Perkins, D.M., Thenhaus, P.C., Hanson, S.L., and Bender, B.L., 
1990, Probabilistic earthquake acceleration and velocity maps for the United States and 
Puerto Rico: U.S. Geological Survey Miscellaneous Field Investigation Maps MF-2120, 2 
sheets, scale 1: 5M.

Barnhard, L.M., Stover, C.W., Hopper, M.G., Thenhaus, P.C., and Algermissen, ST., 
1990, Intensity studies of the May 2,1983 Coalinga, California earthquake, in, Rymer, 
M.J., and Ellsworth, W.L., eds., The Coalinga, California earthquake of May 2,1983: 
U.S. Geological Survey Professional Paper 1487, p. 349-358.
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is seismic hazard maps: Earthquake Spectra [submitted].

Rhea, Susan, Wheeler, R.L., and Tarr, A.C., 1991, GiS-based seismotectonic maps of 
the Mississippi embayment: Proceedings, Fourth International Conference on Seismic 
Zonation, Stanford, California, v. 3, p. 633-640.

Rhea, Susan, Wheeler, R.L., and Tarr, A.C., 1991, Seismic Risk, hazard and field-use 
maps of parts of the central United States produced using geographic information system 
technology [abs.]: Seismological Research Letters [submitted].
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Figure 1. Spectral response acceleration for California and Nevada for 0.3 second 
period, 5% damping. Values have a 90 percent probability of not being exceeded in 50 
years. Contours are in percent of the acceleration of gravity.
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Figure 2. Spectral response acceleration for the central and eastern United States for 1.0 
second period, 5% damping. Values have a 90 percent probability of not being exceeded in 
50 years. Contours are in percent of the acceleration of gravity.
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Figure 5 Memphis, Tennessee spectral response acceleradon for 5% damping for an 
exposure time of 50 years with 90 percent probability of nonexceedance.
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Physics of the Earthquake Process

9910-01915

D. J. Andrews 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5606

INVESTIGATIONS

The junction of the Hayward and Calaveras faults

RESULTS

The left stepover between the Calaveras and Hayward faults gives rise to compressive 
strain that must be accommodated by vertical deformation. The highest hills bordering 
the east side of San Francisco Bay (Monument Peak to Mission Peak) are situated there. 
The projection of the trace of the Hayward fault from San Leandro to Niles is offset 3.5 km 
from the junction of the northern and southern segments of the Calaveras fault at Calaveras 
reservoir. For pure strike slip on the Hayward and Calaveras faults, the stepover region is 
compressed in area at a rate given by the offset times the long-term slip rate of 9 mm/yr 
on the Hayward fault. Assuming a seismogenic depth of 10 km, the rate of decrease in 
volume (which must be compensated by vertical expansion) is 3 x 105 m3 /yr. The volume 
change accumulated over 150 years is equivalent to a dip-slip seismic moment of 2.8 x 1025 
dyne-cm. This moment, if released in a single event, would generate an earthquake of 
magnitude 6.3 due to dip slip alone.

Dip slip may occur on a complex network of faults throughout the stepover region. 
The base of the southwest face of Monument Peak, striking N51°W, suggests a buried 
thrust or reverse fault dipping northeast. The prominent scarp on Mission Peak, with the 
same strike and sense of slip, could be the outcrop of an upward-curving branch from the 
buried fault. Current microearthquakes between the Calaveras and Hayward faults align 
parallel to the Mission fault. Both vertical and horizontal slip must occur on faults with 
this strike.

Current seismicity, however, shows only horizontal slip on a vertical fault plane. To 
satisfy the geometric constraint, therefore, the Mission fault zone must consist of two or 
more fault surfaces inclined at different dip angles, as is likely for the San Andreas fault in 
the Loma Prieta area. Horizontal slip is building up stress on the inclined fault, which is 
currently locked. Growing compressive stress will increasingly impede horizontal slip until 
a thrust or reverse-slip event occurs, allowing then more horizontal slip to be transferred 
from the Calaveras to the Hayward fault. The dip-slip fault might be the unstable element 
governing slip in the larger system.

A sequence of moderate earthquakes (Coyote Lake, 1979; Morgan Hill, 1984; Alum 
Rock, 1988) has progressed northwestward along the Calaveras fault almost to the Mission 
fault. If this northwestward progression continues, then a dip-slip event on an inclined
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Mission fault can be expected to precede or coincide with the next earthquake on the 
Hay ward fault. An M = 6.1 earthquake on or near the Mission fault in 1858 and three 
earthquakes in the range M = 5.3 to 5.7 from 1861 to 1864 around the wedge between the 
Hayward fault and the northern segment of the CalaVeras fault occurred before the M = 
6.8 Hayward earthquake in 1868. Such a sequence majy help us anticipate the next major 
earthquake on the Hayward fault.

REPORTS

D. J. Andrews, 1991, Stress in the crust near a weak strike-slip fault (abs.): Seismol. 
Research Letters, v. 62, p. 44.

D. J. Andrews, 1991, The Mission link between the Hayward and Calaveras faults, north- 
central California (abs.): EOS, Trans. Am. Geophys. Union, v. 72, p. 446.

D. J. Andrews, D. H. Oppenheimer, and J. J. Lienkaemper, 1991, The Mission link between 
the Hayward and Calaveras faults: in review.
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Expert Synthesis and Translation of Earthquake Hazard Results 
 A Book for Non-Scientists in the Wasatch Front Region

14-08-0001-G1671

W. J. Arabasz and D. R. Mabey 
Department of Geology and Geophysics

University of Utah
Salt Lake City, Utah 84112-1183

(801) 581-6274

Investigations

This "implementation" project is part of the culmination of past NEHRP focus on Utah's 
Wasatch Front region. The goals of the project have been: (1) to coordinate with the scientific 
investigators who have worked in the Wasatch Front earthquake-hazards program in order to 
develop a synthesis of important technical information, (2) to produce intermediate-level sum­ 
maries from those discussions, and finally, (3) to "translate" the technical information into a 
book on the earthquake threat in Utah for non-scientists. The book has been designed to 
appeal to (i) the general public (who must encourage and support elected and appointed 
officials to make decisions on implementing earthquake-hazard-reduction measures), (ii) teach­ 
ers and students, and (iii) decision-makers themselves.

Results (April 1-September 30, 1991)

  Continued collection of resource materials, preparation of illustrations, and writing to 
complete the book manuscript

( Note: The end date for this project in terms of completion of the book manuscript was 
September 30,1991. The project did not include funds for complete production and actual 
printing of the book, which is being handled by the Utah Geological Survey. The book is now 
in a stage of editing, review, and preparation for production.)

Reports and Publications

Arabasz, W.J., Editor (1991). A Guide to Reducing Losses From Future Earthquakes In Utah: 
"Consensus Document," Utah Geological and Mineral Survey, Misc. Pub. 91-1, 30 pp.
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A Dynamic Geographic Information
System (GIS) To Forecast Economic

Effects of Earthquakes

9112-10300

R.L. Bernknopf and P.L. Gori
Office of the Chief Geologist and

Branch of Geologic Risk Assessment
U.S. Geological Suivey

922 National Center
Reston, VA 22092

703-648-6726 or FTS 959-6726

Investigations

1) Integrate a stochastic model with earthquake faulting, expected ground shaking, and 
associated damage function in the GIS using information at 1:24,000 scale derived 
from Brabb, E. E., Geologic Maps of Santa Cruz County, CA, 1989; Evernden, J. 
F., and Thompson, J. M., Predictive model for important ground motion parameters 
associated with large and great earthquakes, 1988; and William Cotton and Associates, 
Inc.; Schulteis Road and Villa del Monte area g^otechnical exploration, Santa Cruz 
County, CA, 1990 to formulate scenarios of possible outcomes.

2) Develop a map portfolio that illustrates hazards zones with means and variances to 
represent levels of hazard and statistically test the economic impact of hazards-related 
regulations as a function of distance from the estimated fault or slip surface location 
relative to property value gradients (using a contingent value approach).

3) Update hazards map portfolio information with earthquake induced slope failure data 
from the Loma Prieta earthquake.

Results

Landslides were a major source of property losses duriflg the October 17, 1989, Loma Prieta 
earthquake. In order to adjust seisimic zonation for this collateral effect, an estimate of the 
conditional probability of earthquake-induced landslides was combined with demographic and 
property value data in a GIS. This approach provided a link between seismic zonation and 
cost effectiveness of mitigation measures.

We calculated the expected losses for residential proper! ies 
statistically significant change in the expected losses using 
the existing information. Results based on 100 m cells 
effective for new residential construction in one third of

in the study area and found a 
the updated information relative to 

showed that mitigation could be cost 
the cells if property values were to
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remain constant overtime, while existing houses could be retrofitted cost-effectively in only 
one seventh of the cells. Comparisons for other predicted earthquakes are ongoing.

Reports

Bernknopf, R. L., Gori, P. L., Campbell, R. H., Nishenko, S. P., and Seller, D. R., 1991, 
Time-Dependent Earthquake-Induced Landslide Hazard Mitigation, in Fourth 
International Conference on Seismic Zonation Proceedings, Vol. HI, Earthquake 
Engineering Research Institute, pp. 561-568.
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GROUND MOTION PREDICTION FOR CRITICAL STRUCTURES

9910-01913

D.M. Boore
W.B. Joyner

Branch of Engineering Seismoloi^y and Geology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025
415/329-5616 or 415/329-5640

Investigations

1. Develop equations for the ground motion at soil sites in ENA.

Results

1. Equations giving ground motion as a function of magnitude and distance at rock sites 
in the central and eastern United States were recently published by Atkinson and Boore 
(1990). We have extended their work to a generic, deep-soil site (soil thickness greater 
than 60 m). We first used a "quarter-wavelength" approximation first proposed by 
Joyner and Fumal to derive frequency-dependent amplification factors. We then 
computed theoretical ground motions for a suite of distances and magnitudes, using the 
stochastic model (e.g., Joyner and Boore, 1988). Finally, we used a two-stage regression 
to determine coefficients of the attenuation itelation. We anticipate that these 
equations will find use in constructing probabilistic ground-shaking maps.

Reports

1. Boore, D.M., and Joyner, W.B., 1991, Estimation of ground motion at deep soil sites 
in eastern North America: Bulletin of the Seismological Society of America 
[submitted].

2. Joyner, W.B., and Boore, D.M., 1991, Strong earthquake ground motion and engineer­ 
ing design: Geotechnical News, v. 9, p. 21-26.
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ANELASTIC WAVE PROPAGATION

9910-02689

Roger D. Borcherdt 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5619 or FTS 459-5619

Investigations

Development of methodologies for predictive mapping of potential hazards due to strong ground 
shaking using GIS technology.

Results

The amount of damage to vulnerable structures in the San Francisco Bay region from the 1989 
Loma Prieta and 1906 California earthquakes depend chiefly on the geological character of the 
ground and distance from the causative source. Correlations between measured weak- and 
strong-motion amplifications, mean shear velocity to depths of 30 m, and geologic characteristics 
are used to classify geologic units according to amplification capability. Geologic maps in a GIS 
data base are used to prepare maps of amplification capability, intensity excedent opportunity, 
and intensity excedent potential. A methodology for definition of special study zones for strong 
ground shaking in terms of a specified critical level for excedent potential has been developed. 
Such maps provide a rigorous basis for seismic zonation to economically mitigate future 
earthquake hazards.

Reports

Hough, S.E., Borcherdt, R.D., Friberg, P.A., Busby, R., Field, E.F., and Jacob, K.H., 1990, The role of soil 
conditions and ground motion amplification in the collapse of the Nimitz freeway during the October 17, 1989 
Loma Prieta earthquake: Transactions of the American Geophysical Union, EOS, v. 71, p. 228.

Kameda, H., £elebi, M., Borcherdt, R.D., Akamatsu, J., and Fujita, M., 1991, Comparative observation of soil 
amplification from long-period microtremor and earthquake recordings for seismic microzonation: Fourth 
International Conference on Seismic Zonation, Stanford, California, Proceedings, HI, p. 375-382.

Borcherdt, R.D., Wentworth, C.M., Glassmoyer, G., Fumal, T., Mork, P., and Gibbs, J., 1991, On the observation 
and predictive GIS mapping of ground response in the San Francisco Bay region, California: Fourth International 
Conference on Seismic Zonation, Stanford, California, Proceedings, m, p. 545-552.

Wentworth, C.M., Borcherdt, R.D., Fitzgibbon, T.T., Mork, P., and Tarr, A.C., 1991, Application of GIS technology 
to seismic zonation of the San Francisco Bay region: Fourth International Conference on Seismic Zonation, 
Stanford, California, Proceedings, m, p. 537-544.
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Borcherdt, R.D. and Glassmoyer, G., 1991, On the characteristics of local geology and their influence on ground 
motions generated by the Loma Preita earthquake in the San Francisco Bay region, CA [accepted]: Bulletin 
Seismological Society of America.
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GENERAL EARTHQUAKE OBSERVATION SYSTEM
(GEOS)

9910-03009

Roger D. Borcherdt 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5619 or FTS 459-5619

Investigations

1. Complete construction and acceptance testing for 100 portable, broad-band, high-resolution 
digital data acquisition systems.

2. Provide maintenance and field support for use of GEOS in a wide variety of active and 
passive seismic experiments.

3. Develop capabilities for field retrieval, processing, and archival of large volumes of GEOS 
data.

4. Conduct Eurasian Seismic Studies Program. 

Results

1.) Fifty-five new GEOS systems have been delivered to USGS after two transfers of contract 
ownership. Acceptance testing, as of this writing, has been completed by J. Sena on 45 
of the systems which include design modifications for:

a) Expanded data buffer (1 M/sample),
b) Extended gain (84 db; 16 bit resolution),
c) Tape controller for new 16 Mbyte tape cartridges,
d) Software drivers for mag tape controller,
e) Software for RS 232 for use in the satellite, radio, and telephone telemetry and data 

transfer to field computer,
f) Software for incorporating design modifications, teleseismic trigger, and field 

playback.

2. GEOS maintenance laboratory under direction of J. Sena together with field support of G. 
Sembera and C. Dietel has facilitated the execution of several experiments within the last 
year, including experiments at Parkfield, Anza, Armenia, and ground response 
investigations in the Marina District, San Francisco.
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3. Playback and processing capabilities have been developed. Work is underway to improve 
speed.

4. A portable, high-resolution, dense three-dimensional array consisting of 12 sites with three- 
component, 1.0 Hz seismometers has been installed ift and around a two-dimensional tunnel 
with its longest dimensions being 200 m at the Garni Observatory, Armenia. The sites are 
arranged in a nested tripartite configuration with expanding interstation spacings near 60, 
120, 240, and 480 meters. Signals are routinely recorded at 200 sps on time-synchronized 
GEOS recorders with maximum signal resolution of 96 dB. Simultaneous recording via pc- 
based data acquisition system is coupled to GEOS recorders and permits synchronized 
digitization and simultaneous tape playback and analysis capability. Array continues to 
operate successfully with data playback conducted by G. Glassmoyer as tapes are received 
from USSR.

Reports

Borcherdt, R., Cranswick, E., Hakhuerdian, L., Amirvekian, R., Aharonian, V., Safarian, K., 
Galagian, H., Hapoian, G., and Mori, J., 1990, Installation and first results of a dense 3- 
dimensional array at Garni, Armenia: EOS, (Transactions of the American Geophysical 
Union), v. 71, p. 1479.

(See other projects, e.g. Borcherdt et al, 9910-02089, 9910-02689;
lyer; McGarr; Fletcher; Boatwright; Mueller; and Liu

for additional reports based on GEOS data sets.)
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INTEGRATED GROUND RESPONSE, LIQUEFACTION
AND STRUCTURAL RESPONSE STUDIES (Market

Street Area, San Francisco, California)

9910-

R.D. Borcherdt, H.P.-Liu, E. Safak, and R.E. Warrick 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5619 or FTS 459-5619

Investigations

Conduct long-term, integrated experiments to resolve major issues concerning behavior of "soft- 
soil" deposits and response of modern high-use structures under damaging levels of ground 
motions. Major topics in earthquake engineering will be investigated, such as:

1. Quantification of nonlinear in-situ soil response at soft sites with and without anticipated 
liquefaction-induced failure, and

2. Improved quantification of soil-structure and structural response parameters under damaging 
levels of shaking.

These experiments are being executed with the installation of Borehole arrrays at three sites in 
the Market Street area of San Francisco, upgrade of instrumentation in the Chevron building and 
planned upgrade of pertinent free-field sites.

1.) Drilling has been completed for six holes required for installation of one of the borehole 
arrays at one of the sites near the intersection of Embarcadero and Market Streets, 
California. Permitting has been completed for another site at Bessie Carmichael School. 
Delivery of instrumentation is expected in near future. Effort to select and permit third site 
is underway.
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NATIONAL STRONG-MOTION NETWORK: DATA PROCESSING

9910-02757

A.G. Brady 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5664 or FTS/459-5664

Investigations

1) Processing data from the Loma Prieta earthquake, including the determination of long- 
period limits and the analysis of the transverse shear waves travelling northwesterly up 
the San Francisco Peninsula.

2) Basic accelerogram processing package for the PC in an exportable form, for use with 
the accelerogram CD-ROM.

3) Cataloging all strong-motion records from the US<tiS Cooperative Permanent Network 
of Strong Motion Accelerographs and decisions on further processing for the 
earthquakes:

  M5.5 Upland, California 28 February 1990
  M4.6 Southern California 17 April 1990
  M4.7 Hawaii 2 August 1990
  M5.7 Mono Lake, California 23 October 1990
  M5.8 Sierra Madre, California 28 June 1991
  M6.0 Eel River Array, N. CA 17 August 1991

Results

1) We completed the processing of the strong-motion data from the Loma. Prieta 
earthquake significant records. The data is included on a total of seven magnetic tapes 
disseminated from the National Geophysical Data Center in Boulder, Colorado. One 
data report serves as the reference for this data, having details of the first stations. 
Although the routine processing produces data that is valid throughout a reasonably 
wide frequency range (generally, 50 Hz to 4, 6, or 8 seconds), we are studying the 
presence of long-period transverse shear waves travelling up the San Francisco 
Peninsula (at 100 km epicentral distance) and into Marin County (at 115 km). Using 
several different filtering algorithms we are able to show that the 10-second content 
that is apparently present in the Fourier spectra o' the transverse motion belongs to a 
coherent transverse wave that is evident in 14 records to the northwest and 6 records 
to the southeast. Previous tests and theoretical considerations indicate that 
displacement noise levels might be expected to be of the order 1 cm. Signals in this
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investigation have amplitudes of 6 cm at 50 km epicentral distance, attenuating to 1 cm 
at 115 km.

2) Testing continues for all available options in the processing software package for the 
PC CD-ROM project. Since this CD-ROM will probably be distributed in the hundreds 
worldwide, it is important that the software attached to it be user-friendly, error-free, 
fully tested and well-documented.

3) The number of records for each of the six earthquakes, significant enough to consider 
processing, is not high. Peak values for two of the events, M5.5 Upland and M5.8 
Sierra Madre, are listed in the references. Processing of the records of four stations 
for the M5.5 Upland event, and six stations for the Sierra madre event will proceed 
when funding permits.

Reports/Tapes

Brady, A.G., and Mork, P.N., 1990, Loma Prieta, California, earthquake October 18 
(GMT) 1989, processed strong-motion records: USGS Open-File Report 90-247, 
with seven accompanying tapes, volumes 1 through 4, available from NGDC, 
NOAA, Boulder, Colorado.

Etheredge, B.C., Acosta, A.V., Foote, L.J., Johnson, D.A., Maley, R.P., Porcella, R.L., 
and Switzer, Josephine C., 1990, Catalog of U.S. Geological Survey Strong-Motion 
Records, 1990: Strong-Motion recordings from the ML 5.5 Upland, California, 
earthquake of February 28,1990: U.S. Geological Survey Open-File Report 90-311.

Salsman, Marion, Etheredge, Ed, and Porcella, Ron, 1991, The Sierra Madre earth­ 
quake of June 28,1991: A preliminary summary of USGS strong-motion record­ 
ings: in preparation.
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NATIONAL STRONG-MOTION NETWORK: 
ENGINEERING DATA ANALYSIS

9910-02760

A.G. Brady 
Branch of Engineering Seismology and Geology

U.S. Geological Surrey
345 Middlefield Road, NtS 977
Menlo Park, California 94025

415/329-5664 or FTS/459-5664

Investigations

During the Loma Prieta earthquake investigations of strong-motion records it was apparent 
that a dominant ground motion having a 1-1/2 second period was partially responsible for 
damage to the Cypress Street viaduct and the Bay Bridge. We investigate the presence of 
3-, 6-, and 10-second peaks in the Fourier spectra of records at stations on the San Francisco 
peninsula, and in the opposite direction towards the southeast.

Results

There are not sufficient stations on the peninsula with real time for an accurate timing of 
wave arrivals, but there is sufficient coherence within each of the 3-, 6- and 10-second 
transverse shear waves to line up the records on the time axis with their arrivals at each 
station.

The 3-second wave attenuates from a peak of 15 cm at Sunnyvale (epicentral distance 43 
km) to 1.5 cm in San Francisco (100 km). Experimental tests and theoretical analysis 
indicate that noise levels should be less than 1/4 cni at this period. To the southeast, 
amplitudes attenuate from 7 cm at Hollister (45 km) to !0.3 cm at Bear Valley (85 km). The 
amplitude at the abutment of the Golden Gate Bridge i§ twice that expected from other San 
Francisco city stations, and is probably influenced by interaction with the bridge. The 6- 
second wave attenuates from a peak of 8 cm to 2 cm Over the same distances, and from 9 
cm to 2 cm to the southeast. There are structures in San Francisco and throughout the Bay 
area with natural periods of vibration in this range of 3 to 6 seconds, and investigations will 
continue into what hazards they face.

Report

Hanks, T.C., and Brady, A.G., 1991, The Loma Prieta earthquake, ground motion, and 
damage in Oakland, Treasure Island, and San Francisco: Bulletin of the Seismological 
Society of America, v. 81, no. 5, in press.
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FAULT ZONE TECTONICS

9960-01188

Katherine S. Breckenridge, F. Brett Baker, Robert W. Simpson 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS 977
Men/o Park, California 94025

(415) 829-4849

Investigations

[l] Operate creepmeter and alinement array networks in California. 

[2] Update archived creep data on the USGS Low Frequency computer.

[3] Monitor creepmeter data for possible earthquake precursors, primarily in the Parkfield area, 
site of the USGS-California State earthquake prediction experiment, and in the San Juan 
Bautista region.

Results

Currently 30 extension creepmeters, one contraction meter, and 7 strong-motion creepmeters 
are operating; 22 of the extension meters, the contraction meter, and all 7 strong-motion 
meters have on-site strip chart recorders (Schulz, 1989). Of the total 38 instruments, data 
from 29 are telemetered to Menlo Park (Figures 1,2). All Parkfield instruments and 
telemetry units were calibrated in late April to detect any systematic errors which may have 
developed over the past few years. A majority of sites are functioning well and manual 
measurements correspond closely with telemetered data. However, 5 years of telemetered data 
for strong-motion instruments have never been analyzed for agreement with manual readings 
or with co-located regular creepmeters. In October, the electronics for all strong-motion 
instruments were exercised to determine typical responses to imposed wire changes. These 
results are currently being tabulated.

During 1991 all alinement array surveys were conducted in the Parkfield, California area, 
where the USGS currently maintains 23 alinement array stations (Wilmesher and Baker, 
1987). By the end of October, 18 surveys had been completed at 17 sites. The remaining 
sites are scheduled for reoccupation before the end of November. Most locations have shown 
little change in long-term creep rate. As depicted in Table 1 and Figure 3, creep rates 
decrease in amplitude from the north to south. Rates are determined by dividing the cumu­ 
lative movement by the total elapsed time. Alinement array data are plotted in Figures 4, 5, 
and 6.

Alinement array PKN4 was installed in 1987 to monitor deformation across the fault where 
Weidlinger and Associates' pressurized pipeline experiment and Parkfield (XPKl) creepmeter 
are located. This array was intended to replace Parkfield North (XPN4) which lacks 
deflection stations (intermediate targets). Results from the XPKl creepmeter and a reoccupa­ 
tion of XPN4 in August suggest that the creep rate should be approximately 4.5 times that 
of PKN4. Possible explanations are that the PKN4 array may not cross the entire fault zone 
or the fault may cross between the instrument station and the orientation station.
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Data from the two southernmost arrays, Highway 46 South (X464) and Palo Prieto Pass 
(PPP4), suggest monument instability. Downslope movement is probably causing the 
anomalously high creep values at X464 and the disagreement between different angle pairs to 
the same point across the fault at both sites.

[2] Data from USGS creepmeters along the San Andreasj Hayward, and Calaveras faults have 
been updated through August, 1991, and stored in digital form (l sample/day). Telemetry 
data are also stored in digital form (1 sample/10 mirutes), and can be merged with daily- 
sample data to produce long- or short-term plots. The past year of data are shown in Fig­ 
ures 7 and 8. Most obvious are changes throughout the network associated with strong rain­ 
fall during March. The March event at San Juan Bautista (XSJ2) occurred immediately 
after a strain event on the nearby tensor strainmeter and is therefore not considered rain- 
related.

[3] Parkfield creep data are being closely monitored to detect changes in rate which, although 
significant within the context of the historic record, may fall outside the established alert cri­ 
teria. The 8 mm right-lateral offset at Highway 46 (X461) occurring from late March to June 
is significant, though possibly attributable to rainfall. The slope instability problems affecting 
the nearby X464 alinement array may also impact the creepmeter in some unknown way.

Data from six instruments along the San Andreas Fault between San Juan Bautista and the 
Pinnacles are monitored to detect unusual signals. The slip deficit at Melendy Ranch 
(XMRl), which began in August, 1988, continues. Three prior episodes have been observed 
by Burford (1988) in the record for this instrument, all of which were terminated by M4 to 
M5 earthquakes within 7 km of the creepmeter. The duration of the current deficit phase is 
now longer than any of the earlier phases. Therefore we might anticipate a M5 event to occur 
near the site sometime in the next year or so. The investigation of creep and tensor strain 
events at San Juan Bautista continues with Dr. Michael Gladwin at the University of 
Queensland, Brisbane, Australia.

Reports

Gladwin, M.T., Breckenridge, K.S., Hart, R.H.G., and Gwyther, R.L., 1991, Recent acceleration of 
characteristic creep-strain events at San Juan Bautista, EOS (Trans. Am. G. Union.) v. 72, No. 44, 
p. 484.

Breckenridge, K.S. and Burford, R.O., 1990, Changes in fault slip near San Juan Bautista, Califor­ 
nia before the October 17, 1989 Loma Prieta Earthquake - ft, possible precursor? EOS (Trans. Am. 
G. Union.), v. 71, No. 43, p. 1461.

References Cited

Burford, R.O., 1988, Retardations in fault creep rates before local moderate earthquakes along the 
San Andreas fault system, Central California: Pageoph, v. 1516, Nos. 2-4, pp. 500-529.

Schulz, Sandra S., 1989, Catalog of creepmeter measurem ;nts in California from 1966 through
1988, U.S. Geological Survey Open-File Report 89-650, 193 p.p.

Wilmesher, J.F. and Baker, F.B., 1987, Catalog of alinement array measurements in Central and 
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121 120°

CREEPMETERS

37

HWR1
HWE1 HWW1 

HWP1

36'

50
km

FIGURE 1

USGS creepmeter stations in northern and central California. 
Instruments with underlined names transmit on telemetry. 
NOT SHOWN: XRSW, XHSW on the Southwest Fracture near 
Parkfield (See Figure 2). Strong-motion creepmeters are 
located in vaults at XIW1, XMD1, XVA1, XTA1, X461, XRSW, 
and XHSW.
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Creep and Alinement : Parkfield, CA
XMM1

XMM4 \\XMD1 ,MDR4 
XPN4 

XPK1

35*50'

PARKFIELD

EXPLANATION

A CREEPMETER

A ALINEMENT ARRAY

10 kilometers

TWR1

35*34

CREEPMETER AND ALINEMENT ARRAY SITES IN PARKFIELD
MARCH 1988

FIGURE 2
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Table 1: Long-Term Creep Rates Determined by Alinement Arrays

Site
XMM4
VAR4
PKN4
XPN4
PKF4
TAY4
TAY4
HST4
WKR4
KENS
PGH4
XWT4
H464
X464
X464
PPP4
PPP4
PPP4
PPP4

San Andreas Fault 
Rate ( MM /Year)

15.2
6.7
1.9
8.7
8.6

11.2
-0.5
6.5
7.1
5.9
6.5
2.8

-0.3
17.6
8.0
0.1
0.2
0.9
0.5

(if not ES #1 / OS #1)

ES #2 / OS #1

ES #1 / OS #2

ES #1 / OS #2
ES #2 / OS #1
ES #2 / OS #2

Southwest Fracture Zone
PKW4
RCW6
HAR4

1.0
2.2
1.0

I-

I
C/5

£
cd 

CX<u
8
U

Southwest Trace
PKW4 
RCW6 
HAR4

Figure 3. Alinement array determined long-term creep rates in the Parkfield area.
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Branch of Engineering Seismology and Geology Computer Project
9910-02085 

Howard Bundock
Branch of Engineering Seismology and Geology

U. S. Geological Survey 345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5621, FTS 459-5621

INVESTIGATIONS

The objectives of the Branch of Engineering Seismology and Geology Computer Project are 
to:

Maintain a strong capability for the processing, analysis and dissemination of all strong 
motion data collected on the National Strong Motion Network and data collected on 
portable arrays;

Support research projects in the Branch of Engineering Seismology and Geology by 
providing programming and computer support including digitizing, graphics, processing 
and plotting capabilities as an aid to earthquake investigations;

Manage and maintain computer hardware and software so that it is ready to process data 
rapidly in the event of an earthquake.

The Branch facilities include two VAX 3300 minicomputers in a dual-host, clustered 
system, a diskless VAXstation 3100, also clustered, all running VMS version 5.4-2. We run 
a VAX 8250, VMS version 5.02 as a DECnet area router and a POP 11/73 running 
RSX-11M+ for GEOS playback. The Branch computers are part of a local area network with 
other Branch, OEVE, Geologic Division, and ISD computers, and we have access to 
computers Survey-wide over Geonet. Project personnel join other office branches in the 
support of the local area network which now includes sub-LANs for desktop workstations, 
PC's and Macs.

Investigations during FY91 included installation and changeover to the new systems, 
which went relatively smoothly. We have cleared the Building 7 computer room of all 
of our old equipment through storage, trade-in, etc. of obsolete equipment. The project 
hired a new employee to oversee BESG microcomputer resources. We are resuming the 
installation of network hardware and software for linking Branch members' PCs and 
Macintosh microcomputers to the VAXes. This work is being done for terminal emulation, 
file transfer and shared disk and plotter capabilities with the goal that all Branch PCs and 
MACs will eventually be served by the VAXes. Work was done in conjunction with Office 
scientists to collect and map seismic and other earth science instrumentation and marker 
stations in the Bay Area. The project joined in undertaking the reorganization of Office 
computer facilities and joined in the reorganization and upgrade of computer systems 
within the Branch. We planned for installation of a new DSSI disk subsystem, read/write 
optical disk drives, CD-ROM, and provided support for a system for making color slides 
of computer graphics. As an ongoing policy, we have kept our hardware up to current 
revision levels, and operating system, network, and other software at the most recent 
versions possible.
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RESULTS

As a result of these and previous investigations, the project has:

Installed new BESG computers, taken the VAX 11/750 and 11/70 minis off line, connected 
Branch members' microcomputers to the Local Appletilk and Ethernet network for access 
to VAXes and shared resources, cleared the Building 7 computer room and reconfigured 
in Building 8,

Compiled maps of data from a newly formed database of USGS and state seismic stations 
in the Bay Area and California, and

Reinstalled all software on Branch computers for use of scientists needing access to 
Internet and electronic mail, NCAR graphics, statistical libraries, etc. and access to VAX 
resources from Unix machines,

Reconfigured Megatek 3d color graphics and slide making system for use on a VAXstation 
3200 in Building 8; supported Branch projects in it's use,

Completed reorganization of Office computing, including transferring ownership of the 
Office VAX 11/785 to Seismology Branch, and insured that all Office scientists had access 
to computer resources, which includes management of compute resources for Branch of 
Tectonophysics and certain other resources for other 0EVE scientists. (CalComp plotter, 
laser printers, temporary computer accounts, etc.)

Managed, maintained, updated Branch computer system hardware and software, and 
managed computer resources for other OEVE scientists.

REPORTS 

None
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CENTRAL UNITED STATES STRONG-MOTION INSTRUMENTATION

9910-04428

Mehmet 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977

Menlo Park, California 94025-3591
415/329-5623 or FTS/459-5623

Summar

During this fiscal year, allocated funds have been used to purchase necessary hardware for 
instrumentation of a building and also to deploy free-field accelerographs in five new sites 
in the New Madrid seismic area. The building to be instrumented is selected through an 
advisory committee in the New Madrid area. Digital free-field accelerographs have been 
deployed in Lepanto and Blytheville (Arkansas), Poplar Bluff (Missouri), and Paris and 
Union City (Tennessee).

Investigations

1. Strong-motion instrumentation in the Central United States is supplemented during the 
fiscal year by five digital strong-motion accelerographs deployed as free-field stations 
in Lepanto and Blytheville (Arkansas), and Paris and Union City (Tennessee).

2. A building in St. Louis, Missouri, is selected by the local Advisory Committee for 
instrumentation. Permit for instrumentation is obtained. Hardware is purchased and 
implementation is started.

Results

1. Digital accelerographs deployed at free-field will allow rapid assessment of the 
parameters related to the strong shaking when there is a strong-motion event.

2. Instrumented building will provide important data on the response of a structure in a 
critical seismic zone.
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Engineering Subsurface Information and Criteria for Regional 
Earthquake Hazard Evaluation in the New Madrid Seismic Zone

Agreement No. 14-08-0001 -Gl999

T. S. Chang, K. P. Chang, W. Y. Chung, H, Hwang, and A. C. Johnston
Center for Earthquake Research and Information

Memphis State University
Memphis, TN 38152

(901) 678-2007 

Soil Data Collection, Compilation, and Presentation

The first step of the project was to collect the existing 
subsurface information available in the local communities from 
sources including private consulting companies, local government 
agencies, and the Army Corps of Engineers. The collected subsurface 
information includes engineering boring logs, well data, and 
ground water data. A total of 3,226 boring logs were collected in the 
NMSZ region as in Table 1. In this study, data from 1320 boring logs 
in the study area (New Madrid-Dyersburg-Blytheville area) were 
compiled and representative soil profiles were selected for the 
earthquake hazards evaluation.

Table 1 Selection of Boring Logs for Subsurface Data Collection

Countv
New Madrid
Pemiscott
Mississippi
Fulton
Lake
Lauderdale
Obion
Dver

State
Missouri
Missouri
Arkansas
Kentucky
Tennessee
Tennessee
Tennessee
Tennessee
Total

No. of goring Logs
118
675
770
153
274
286
275
675
3226

Collected

For the interpretation of the collected soil data, a grid system
consisting of rectangular cells with equal
latitude and longitude was applied to a map that was based on the 
USGS (1:250,000) topographic maps. The number of boring logs 
collected in each cell in the study area is shown in Figure 1. A set of

size of 3 minutes in both
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soil profiles was selected from all the boring logs in each cell to 
represent the general subsurface conditions in the study area (see 
Figure 2 as an example).

Regional Earthquake Hazard Evaluation

The regional earthquake hazard evaluation in this project 
includes the following studies: (1) generation and processing of 
artificial earthquake time history (synthetic earthquake time 
histories), (2) dynamic properties of soils, (3) seismic site response, 
and (4) liquefaction potential.

(1) Artificial earthquake time history: A seismological model used 
by previous researchers has been employed in this study to provide 
a preliminary estimate of the earthquake accelerations in the study 
area. Appropriate subsurface parameters were selected to produce 
earthquake ground accelerations at "soft rock" for the study. The 
velocity-density contrast between the soil profile beneath the near- 
surface soft rock level (200 feet in the study area) and the 
underlying "hard rock" (may be up to 3000 feet in the study area) 
was taken into account to produce amplified ground motion time 
histories for "soft rock" situation. By using the synthetic earthquake 
time histories described above, the near-surface soil response for 
selected sites can be computed using the selected representative soil 
logs in the study area.

The peak accelerations for "soft rock" in the study area were 
estimated for two earthquakes of moment magnitude M = 7.5 and 6.5 
at New Madrid, Missouri. Each earthquake is represented by a point 
source located in the central portion of the NMSZ. On the basis of 
previous research, parameters applicable to the study area were 
used to generate synthetic earthquake motions (Table 2). The peak 
soft rock acceleration contour map of the M = 6.5 earthquake is 
shown in Figure 3.

(2) Dynamic properties of soils: The low-strain and high-strain 
dynamic properties of soils in the study area were obtained in the 
laboratory from 78 resonant column tests on 35 soil samples. The 
parameters for describing the high-strain nonlinear behavior of 
various types of soils (alluvial sand, terrace sand and gravel, Jackson 
fine sand, silty clay, Jackson clay, and loess) were determined for 
creating the soil model for the seismic site response study.
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(3) Seismic site response: The developed synthetic soft rock 
acceleration time histories, representative soil profiles, and results of 
dynamic testing are being implemented in the seismic site response 
study in the New Madrid-Dyersburg-Blytheville area, currently in 
progress at CERI with the use of the established MASH program. The 
results of the seismic site response stucty will include peak ground 
acceleration, elastic site period, average shear-wave velocity, and 
near-surface response spectrum of the site.

(4) Liquefaction potential study: The liquefaction 
in the study area will be defined on the 
evaluation criteria including that from previous

potential of sites 
basis of the established 

studies at CERI.

Table 2 Parameters Used for Soft Rock Synthetic Earthquake Time 
Histories in NMSZ

Parameter
Moment magnitude M
Epicentral distance R
Radiation pattern
Horizontal component
Focal depth h
Stress parameter
Bed rock shear wave velocity
Bed rock density
Soft rock shear wave velocity
Soft rock density
Quality factor Q
Cut-off frequency
Duration

Values Used
7.5
Various
0.55
0.71
10 km
100 bars
3.5 km/sec.
2.7g/cm3
600m/sec
1.8g/cm3
1500 fO.4
30 Hz
33 seconds

in The Studv
6.5
Various
0.55
0.71
10 km
100 bars
3.5 km/sec
2.7g/cm 3
600m/sec
1.8g/cm3
1500 fO.4
40 Hz
24 seconds

Final Report

The final report of the project will be submitted to the USGS as 
indicated in the proposal.
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Figure 2 Example Selected Representative Boring Log In The Study 

Area.
;Cr LCCAT1DK: MISSISSIPPI, AR 
OMNEft: CERI

DftTE: 27-7-91 
HESH NURBER: 124

SHEET: 1/1
BOR1N6 N354030WB95B30

h

ia
2 p & 
t 5 e
X " a

V
0-n

  ,
, i

-10  

,

 

,

-20  

 

'?
.   

-30   ?

n

_ ;.'

^" .

 .

:j

-50 - 

-70 -

!

PROFILE 
DESCRIPTION

1.
1 |j flt 1

E GROUND SURFACE fig
1 ELEVATION - N/A ill

BROWN 4 CRAY SILTY CLAY SS1

ICU                KZ

GRAY CLAYEY SIT (ML) ^

f «* 
ess

CRAY ck BROWN CLAY (CH) ***

W7

KB

j BROWN CLAYEY SAND <SC)
* ^HMM^B^^** ^^^^I^^H^M*   HH^^H^^^

^ BROWN t CRAY SILTY SAND C*
_. ^M;

|: KID

: : CRAY SAND (SP) S11

';! S512

WATER LEVEL OBSERVATIONS

4- CMUKOWATCR Leva nx»i BORNC LOGS
 $  CMOOUOMJEJt LCm. FTtOU OeSQDMMON WQS

STANDARD 
PENETRATION - © 

t (BLOWS/FOOT)

0 20 40 60 60
_
?

>
i

J    

t
\

©
t
>

>    

\
i
t 
©

1 
1
i

-er-
V

V

V

  j.
1

t

&

'©

f

NATURAL 
PENSTY - D 
(LBS./CU. FT.)

0 110 130 150

NOTE : THS LOG WAS CRCATIC

SHEAR STRENGTH 
(KIPS/SO. FT.)

01 2345

Y
Yii
V

V

BASED ON 29 REAL BORINGS

794



Ill
ir ir 12* r r 

I I I I I I I
«r 4r 4r *t ar xr » w tr tr tr ir ir 12* r r ar»«pcr«r *j- sr 4r 

I I I I I I I I I I I I I I I I I I I I I I I I

»v

4T

so- 

ar

2V

17

*V

4T

>r 

sr

so­ 

ar

CDEFGHIJKLM NO FOR S TUVWXYZ AAABACADAEAF

47 

VI

ir

XT

»r

4»

4V

4?

if 

>r

»r

»ff

8T

C D E F G H II K L M N O P OR S T U V W X Y Z AAABACADAEAF
ll" I I I I I I I I I I I I I I I I I I I I I I I III IIIi» is1 17 9 9 r tmtr »r $4- »v 49 49 47 vt >r » » ar 14* av ir iv 17 r r r «rw »r w si* *9

Figure 3 Peak Soft Rock Acceleradon Contour Map of the M = 6.5 
earthquake at New Madrid. Missouri.

795



Ill

Inventory and Preliminary Vulnerability Assessment of Essential 
Facilities in Memphis and Shelby County

Agreement No. 14-08-0001-G2000

T.S. Chang, H. T. Kung, S. Pezeshk, and H. Hwang
Center for Earthquake Research and Information

Memphis State University
Memphis, TN 38J52

(901) 678-200J7 

Procedure for a Seismic Vulnerability Assessment of Facilities

For regional earthquake preparedness/rescue plans, we developed a 
preliminary seismic vulnerability evaluation system that is cost- 
effective. This system uses existing data (site, subsurface condition, 
foundation, and structure) and the results of a quick on-site 
documentation of target facilities. This evaluation system also 
provides feasible measures for identifying some potentially 
hazardous facilities that require further detailed seismic 
vulnerability evaluation. The flow chart for the facility seismic 
vulnerability evaluation used in the study is shown in Figure 1.

Collection of the Existing Facility Data

The targeted essential facilities in this study include 203 public 
schools, 72 fire stations, 44 main riVer bridges, and 22 main 
hospitals. As an example, the location of the target schools is shown 
in Figure 2. Basic data for each facility were collected from (1) 
Memphis City Board of Education, (2) Shelby County Board of 
Education, (3) city and county fire departments, (4) City and County 
Engineering Departments, (5) Tennessee Department of 
Transportation, and (6) hospital administration. The basic data for 
each facility include site and structure information, history, capacity, 
and operational information. The picture documentation of each 
facility is also completed as part of the basic facility data.

Development of a Quick On-Site Facility Evaluation System

The preliminary evaluation system was first developed by the MSU 
earthquake engineering research team and then was finalized in a 
technical meeting held at CERI on June 5, 1991. The attendees at the
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meeting included professionals from universities and government 
agencies. As shown in Figure 3, the evaluation criteria used for fire 
stations, schools, and hospitals included (1) site conditions (soil type, 
liquefaction potential), (2) past performance of various structures 
and foundations, (3) age of facility, (4) type of structure, (5) type of 
material, (6) detailing, construction, and current conditions, (7) 
seismic code adoption, (8) mass, stiffness, strength, and shape 
irregularities in plan and elevation, and (9) structure/structure 
separation. The evaluation criteria used for bridges included (1) 
super structure: continuity, number of joints, bearing type, alignment 
of the bridge, year built, seismic retrofit, shape irregularity, height of 
pier or column, and girder support length; (2) site and foundation: 
soil type, liquefaction potential, and abutment height; and (3) 
importance: detour length, and average daily traffic. The primary, 
regular, and secondary criteria were identified in the technical 
meeting then a predetermined evaluation index score (a total of 100 
points) was applied to the evaluation criteria with a rational 
point/weight to each criterion reflecting the effect on facility seismic 
damage caused by earthquakes.

On-Site Preliminary Seismic Vulnerability Evaluation

An engineering crew of 2 faculty and 4 students conducted the 
preliminary seismic vulnerability assessment by using the collected 
basic facility data, picture document, and the developed preliminary 
seismic evaluation form. It took about 4 months to visit each 
individual facility and complete the evaluation. The total seismic 
score ranges from 34 to 73 for bridges, 36 to 71 for fire stations, 28 
to 69 for schools, and 47 to 95 for hospitals. The total seismic score 
of each element was documented. The itemized seismic score of each 
evaluation factor of the facilities is also documented for future 
reference. The results of the evaluation also reveal the technical 
level of design and construction of the existing facilities in the region 
in terms of earthquake resistance.

Two methods are proposed for assigning seismic vulnerability 
ranking to the target facilities by means of the evaluation results. 
The first method is to set a cut-off point on the basis of local financial 
and ethical considerations and community practical concerns. The 
input from the local communities and government agencies regarding 
the affordability of facility retrofitting is required to define the cut­ 
off point from which a certain number of facilities for future 
retrofitting plans can be identified. The cut-off point can be
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modified in the future as the local financial situation changes. The 
second method is to define the cut-off point on the basis of technical 
considerations regarding the vulnerability of the facilities in the 
event of a moderate to strong earthquakej. This method requires a 
theoretical study of the evaluation system combined with the 
knowledge that engineers learn from the facility damage of past and 
simulated earthquakes. The number of facilities that require 
immediate retrofitting may be far beyond the affordability of the 
community because very few facilities were designed with adequate 
code requirements in the region. At mis time, the first method 
appears to be the more appropriate and feasible method for 
identifying the pool of facilities that require immediate attention.

Geographic Information System (GIS)

The establishment of a GIS for the essential facilities in the study 
area is in progress at MSU using PC AROINFO. The collected basic 
facility data along with the results of the preliminary seismic 
vulnerability assessment will be included as attribute files of the GIS 
data base.

Final Report

The final report of the project will be Submitted to the USGS as 
indicated in the proposal.
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Procedure for Facility Seismic 
Vulnerability Assessment

Selection of target area and 
facilities

Collection of existing basic data

Computer data base

Selection of existing preliminary 
evaluation criteria (ATC-21)

I
Development of preliminary evaluation criteria with 
local requirements and considerations

Conduct quick on-site preliminary seismic evaluation

Combine field data and ejrigti 
for seismic risk assignment

Compare results by using existing 
criteria and developed local criteria

Identify potentially hazardous facilities that 
need rurther detailed seismic evaluation

Transfer evaluation results to appropriate 
local and/or federal authorities^

Figure 1 Flow Chart for the Preliminary Seismic Vulnerability 
Assessment of Essential Facilities in the Memphis Area.
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Memphis State University III

Name of Hospital: _

Other identifiers ___ 
MO of Stories , , ,.   , Year Buflt
lnep«rtftr Date

Picture No.
Zip

. . . .^.tf&iVSW:^:;^^^ 
 HffiWWISp!^^

1. Building Type W

C2(S\V)
10

2. Building Age

3. Vertical Irregularity Regular

4. Soft Story Does not exist 
f5wO 5

5. Torsion Irregularity Does not exist
f 3 ptsl 3

6. Plan Irregularity Does not exist

7. Short Columns Does not exist

8. High Rise Does not exist 
f5pts> 5

9. Pounding Does not exist

10. Heavy Cladding Does not exist

S1(MRF) S2(BR) S3(LM) S4(RCSW) Cl(MRF
16 10 20 13 1

C3/SS(URM,KF) PC1(UT) PC2 RM URM
5 7 5 10 3

Before Code After Code (1980) After EQ. Code 
05 15

Irregular 
0

Exist 
0

Exist
0

Exist
0

Exist 
0

Exist 
0

Exist 
0

Exist 
0

IL Visible Damage (cracks, corrosion, etc) Major Problem Minor Problem No Problem 
tt«O 055

12, Soil Type SL2 
flOptO 10

13. Liquefaction Potential
flOptri

SL3 SL4

Low Moderate High No Data 
10 5 0 5

Type of Foundation (Liq. Mod. and High) Shallow Deep 
0 3

14. Seismic Slope Stability Flat S)op«<3/l 3/1-2/1 >2/l 
10 8 4 0

FlDc

scor

; : : '

o.

*» !

.SK:^.-K

»<<£>.....

iii-ii-xy:

g

SlSrffif !!«**; ̂ ISfrvft W f f f; R:ff !f rlfi-f :t
Notes:

Figure 3 Preliminary Seismic Vulnerability Evaluation Form for 
Schools, Fire Stations, and Hospitals.
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Mechanics of Earthquake Faulting
9960-01182

James H. Dieterich
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California ^4025

(415)329-4867

INVESTIGATIONS

1. Direct observation of sliding surfaces during frictional slip. Work during the reporting 
interval emphasized the development of an experimental technique for direct, microscopic, 
observation of surface contacts during frictional slip. The experiments employ transparent 
materials and provide data on contact size distributions, contact stresses, and time- and 
displacement-dependent evolution of contacts.

2. Stability of slip under conditions of variable normal stress. The stability of slip, on 
faults with state variable constitutive properties was investigated.

RESULTS

1. Observations of frictional surfaces. It has been found that friction of non-metallic 
materials, including rocks, characteristically exhibit properties that are represented by rate- 
and state-dependent constitutive relations. Although these frictional properties have been 
extensively studied for possible application to earthquake faults, the underlying 
mechanisms have not been amenable to direct study and remain poorly understood. J. 
Dieterich and B. Kilgore have developed an experimental technique for direct microscopic 
observation of sliding surfaces during slip. The experiments require transparent materials 
and exploit the characteristic of ground surfaces to diffuse transmitted light while regions in 
actual contact transmit light rays across the sliding surface without scattering. Hence, in 
proper illumination, actual points of contact appear as bright spots against a dark 
background. Optical resolution of the system is better than 2 microns. Work during the 
reporting interval has been aimed at refining the measurement and observation techniques 
and to calibration of the measurements.

Preliminary experiments with Lucite plastic and soqa-lime glass have shown that these 
materials exhibit pronounced rate- and state-dependent constitutive properties that duplicate
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the characteristics of friction in rocks. Later experiments are planned that will employ 
transparent minerals. Estimates of the average normal stress at actual points are obtained 
from the observed area of real contact and normal stress applied to the sliding blocks. 
Contact stresses are in the range 250-500MPa for Lucite and 4000-7000MPa for glass and 
agree rather well with the micro-indentation strengths of those materials. Previously 
documented correlations of surface roughness and characteristic sliding distance, Dc are 
found to also correlate with contact spot diameter. Rough surfaces lapped with 60 grit 
abrasive have values of Dc of about 20-30/zw and area-averaged mean contact diameters 
of 30-40^iw. Fine surfaces lapped using 240 grit abrasive have D C of 10-15^iw and 
area-averaged contact diameters of 12-20^w. These results indicate that characteristic 
displacement-dependent variations of friction, which scale by D c , represent the 
progressive loss of a prior contact population and replacement by a new population as the 
surfaces slip. The characteristic increase of frictional strength with the logarithm of time is 
found to be associated with a comparable increase of contact area with logarithm of time of 
contact.

2. Stability of slip under conditions of variable normal stress. Previous studies of the 
stability of slip and conditions for the onset of unstable slip based on rate- and state- 
dependent constitutive laws have generally assumed the constant normal stress during slip. 
In nature, and in most laboratory experiments, normal stresses generally cannot be 
expected to remain constant during slip. The effect of coupling shear normal stress to 
shear stress, on the stability a single spring and slider has been studied using the rate-, 
state- and constitutive relations of that incorporate the effect of normal stress history 
(Dieterich and Linker, 1990; Linker and Dieterich, in press). The coupling of shear stress, 
T, to normal stress, <r, is taken as

<r=/) -Ttan0 , (1)

where P is a constant normal stress term, and 0 is the angle of inclination of the spring to 
the sliding surface. At steady-state slip, the coefficient of friction is constant and shear and 
normal stress are also constant. Independent of constitutive properties, if

t  <t»-VLiss , (2)

where fJ- ss is the steady-state coefficient of friction, then steady-state slip cannot take place, 
because the block becomes locked in place. For tan 0< -1/A^ it is found, by linear 
analysis, that perturbations from steady-state grow if
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o(B-A) 

Dc[l-(a-ns)tanj]

where K is the spring stiffness, Dc is the characteristic displacement, and A and B are 
the usual constitutive parameters for state-variable friction under constant normal stress. 
The parameter a, gives the magnitude of the dependence of state to normal stress steps. 
Equation (3) reduces to the usual stability condition at constant normal stress (for example, 
Rice and Ruina, 1983) if <j> = 0. From equation (3) and from numerical simulations it is 
evident that variations of normal stress from coupled interactions with shear stress 
significantly affect fault stability.

REFERENCES

Dieterich, J. H. and Linker, M. F., Effects of Variable Normal Stress on Rock Friction: 
Observations at 5 MPa Normal Stress , Abstract, EOS, Trans. Am. Geophysical Union, 
71, 1585, 1990.

Rice, J. R. and A. L. Ruina, Stability of steady frictional slipping, Trans. ASME, J. Appl. 
Mech., 50, 343-349, 1983.

REPORTS

Dieterich, J. H., Earthquake Nucleation on Faults with Rate- and State-Dependent Friction, 
accepted for Tectonophysics, 37pp.

Linker, M. F. and Dieterich, J. H., Effects of Variablb Normal Stress on Rock Friction: 
Observations and Constitutive Equations, accepted for J. Geophys. Res., 52pp.
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STRONG-MOTION INSTRUMENTATION NETWORK 
DESIGN, DEVELOPMENT, AND OPERATIONS

9910-02765 

Ed Etheredge, Ron Porcella, and Dick Maley

Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5667

Investigations

The Strong-Motion laboratory, in cooperation with federal, state, and local agencies 
and advisory engineering committees, designs, develops, and operates an instrumentation 
program in 41 states and Puerto Rico. Program goals include: (1) recording of potentially 
damaging ground motion in regional networks, and in closely spaced sensor arrays; and (2) 
monitoring the structural response of buildings, bridges and dams using sensors placed in 
critical locations. The present cooperative network consists of approximately 1,000 
recording units installed at 600 ground sites, 28 buildings, 5 bridges, 56 dams, and 2 
pumping plants.

New Instrumentation 

Structures

1) Extensive instrumentation system (15 channels) in a 13-story steel frame 
building in Irvine, California.

2) Extensive instrumentation (12 channels) in a 4-story combination wood-steel 
frame base-isolated building at the San Francisco Marina. This building was 
damaged during the 1989 Loma Prieta earthquake and was subsequently 
repaired including a first floor steel frame.

3) Extensive instrumentation (15 channels) in a 34-story reinforced-concrete 
building in downtown Seattle. This is the first structure monitoring system of 
its kind to be installed in the northwest region.

4) Extensive instrumentation (19 channels) in the Martinez Veterans 
Administration Hospital, a 4-story reinforced-concrete building.

5) Moderate instrumentation system (9 channels) in a 10-story steel frame 
building in St. Louis, Missouri.

Most structures were instrumented in line with regional structural instrumentation 
advisory committee recommendations.

Ground sites

Alaska
SMA-1 sites

Fairbanks - 4 stations installed in a joint program with the University of Alaska
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California
SMA-1 Analog Accelerographs

1) Alhambra, Norwich
2) Foster City, Niantic
3) Fresno, USGS Office
4) Menlo Park, USGS Office
5) MWD West Portal Tunnel, near San Jacinto
6) Monterey Park, USGS Office 

7)-10) Orange County Group 
Costa Mesa 
Huntington Beach 
John Wayne Airport 
Newport Beach

11)-13) San Andreas Fault, northern end of the Loma Prieta earthquake fault zone 
14)-15) Stanford Linear Accelerator

SSA-1 Digital Accelerographs
1) Fresno, USGS
2) Menlo Park, USGS
3) Menlo Park, 14th Av.
4) Monterey Park, USGS
5) Redwood City, Redwood Shores
6) Salton Sea
7) Tripp Flats 

8)-9) Warm Springs Dam, Corps of Engineers

Illinois: (SMA-1) 
Chicago, AMOCO

Kansas (SMA-1)
Overland Park (Kansas City)

Nevada
4 stations installed in the White Mountain seismic gap 

Deep Springs College 
Dyer 
Goldfield 
White Mountain - Barcroft Station

New Madrid Seismic Zone 
SSA-1 Sites 

Lepanto, AR
Blytheville, AR (SMA removed) 
Poplar Bluff, MO 
Paris, TN 
Union City, TN (SMA removed)

SMA-1 Sites
Forest City, AR 
Newport, AR

In addition 21 WWVB radio receivers were installed at strong-motion stations in the 
New Madrid seismic zone.
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New York (SMA-1)
Great Neck (New York City Area)

Washington (SMA-1 fs) 
Seattle, downtown
North Toutle River Dam, Corps of Engineers 

5 accelerographs

Stations removed

Alaska 
Homer 
Kodiak 
Seldovia 
Seward 
Talkeetna

California
Coalinga dog house
Colton interchange
Fremont
Los Angeles, Jasper
San Francisco, Thornton Hall
Stanford, Quad

Both the Hollister and El Centre digital differential arrays have been closed down 
because of permanently defective equipment. Eventual fate of these arrays is 
unknown. Single SMA-1's are operating at each array, with 39 digital channels now 
inoperative.

Earthquake Records

1) Sierra Madre, California, ML=5.8, 6/28/91 
66 accelerograph records

7 12-channel records 
Peak acceleration of .30 g at USGS offices in Monterey Park and Pasadena

2) Numerous records from small earthquakes in California and Hawaii

Reports:
STRONG-MOTION RECORDINGS FROM THE ML 5.5 UPLAND, CALIFORNIA 
EARTHQUAKE OF FEBRUARY 28, 1990, USGS Open-File Report 90-311, E. C. 
Etheredge and others

STRONG-MOTION RECORDS FROM EARTHQUAKES OF JUNE 13, 1988, 
NOVEMBER 10, 1988, AND APRIL 3, 1989, ON THE CALAVERAS FAULT, 
CENTRAL CALIFORNIA, USGS Open-File Report 90-481, M. J. Salsman and J. 
C. Switzer

THE SIERRA MADRE EARTHQUAKE OF JUNE 28, 1991: A preliminary 
summary of USGS strong-motion recordings, M. Salsman, E. Etheredge, R. 
Porcella, 17 p.
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Prediction of Strong Ground Motion in Sedimentary Basins 
Using Numerical Simulations

9910-04482

A. Frankel

Branch of Engineering Seismologjy and Geology
U.S. Geological Survey

345 Middlefield Rd., M$ 977
Menlo Park, CA 94025

(703) 648-4119

Investigations

1. Study seismic wave propagation in realistic, three-dimensional models of sedi­ 
mentary basins using numerical simulations, to evaluate seismic shaking in such basins 
from future large earthquakes.

2. Analyze seismic coda using multiple-scattering theory to determine values for 
the anelastic and scattering Q in the crust.

Results

1. To date, I have simulated ground motions in two sedimentary basins using a 
3-D finite difference program. 3-D models were developed for the Santa Clara and San 
Bernardino valleys based on water well data and, where available, seismic refraction 
results. The first simulation considered ground motiojns in the Santa Clara Valley for a 
magnitude 4.4 aftershock of the Loma Prieta earthquake. This simulation showed the 
conversion of incident S-waves to Love waves along the southern margin of the valley. 
These surface waves greatly increase the amplitude and duration of shaking within the 
valley. They were observed in recordings of this aftershock from the Sunnyvale dense 
array. The simulation shows large amplitudes where Rayleigh waves impinge on the 
northeast edge of the valley. In the simulations, some of this Rayleigh wave energy is 
reflected westward across the valley.

I have also simulated motions in the San Bernardino Valley for a hypothetical 
magnitude 5 earthquake along the San Andreas Fault. Lorraine Hwang helped produce 
the 3-D model of the valley. This simulation shows a very long duration of shaking for 
the area near the city of San Bernardino. In the absence of anelastic attenuation, 
significant ground shaking persists for 48 sec at tnese locations. Clearly, the basin 
efficiently traps seismic waves. The anelasticity of tme alluvium will likely be the key
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factor controlling the duration of shaking in the valley. The simulation shows that sur­ 
face waves are reflected back into the basin as they impinge on the edges of the basin.

2. We used Hoshiba's (1990) formula for multiply-scattered coda to determine the 
scattering and intrinsic Q values from coda envelopes of earthquakes in California 
(with Jim Mori). We find that the scattering Q estimates increase with increasing 
source-receiver distance. This may indicate that the scattering is depth-dependent, with 
more intense scattering occurring at shallow depths.

Reports

Frankel, A. and J. Vidale, A three-dimensional simulation of seismic waves in the 
Santa Clara Valley, California, from a Loma Prieta aftershock, submitted to Bull. 
Seism. Soc. Am., 1991.

Frankel, A., L. Hwang, and G. Coats, Three-dimensional simulations of ground 
motions in the San Bernardino and Santa Clara valleys, California, from earth­ 
quakes on the San Andreas Fault, EOS Trans. Amer. Geophys. Union, v. 72, p. 
339, 1991.

Frankel, A., S. Hough, P. Friberg, and R. Busby, Analysis and modeling of waveforms 
of Loma Prieta aftershocks recorded on a dense array in Sunnyvale, California, 
EOS Trans. Amer. Geophys. Union, v. 71, p. 1456, 1990.

Frankel, A., S. Hough, P. Friberg, and R. Busby, Observations of Loma Prieta aft­ 
ershocks from a dense array in Sunnyvale, California, Bull. Seism. Soc. Am., in 
press.

Frankel, A., A. McGarr, J. Bicknell, J. Mori, L. Seeber, and E. Cranswick, Attenuation 
of high-frequency shear waves in the crust: measurements from New York State, 
South Africa, and southern California, /. Geophys. Res., v. 95, pp. 17,441-17,457, 
1990.

Frankel, A., Mechanisms of seismic attenuation in the crust: scattering and anelasticity 
in New York State, South Africa, and southern California, /. Geophys. Res., v. 
96, pp. 6269-6289, 1991.

Frankel, A., High-frequency spectral falloff of earthquakes, fractal dimension of com­ 
plex rupture, b-value, and the scaling of strength on faults, /. Geophys. Res., v. 
96, pp. 6291-6302, 1991

Mori, J. and A. Frankel, Depth dependent scattering shown by coherence estimates and 
regional coda amplitudes, EOS Trans. Amer. Geophys. Union, v. 71, p. 344, 1991.
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Near-Surface Lithologic and Seismic Properties
9910-01168

J.F. Gibbs 
W.B. Joyner

Branch of Engineering Seismology and Geology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415)329-5631 or (415)329-5640

Investigations:

Measurements of seismic velocity and attenuation to determine the effect of local geol­ 
ogy on strong ground motion and to aid in the interpretation of seismic source parameters.

Results:

1. Twenty two boreholes have been completed in the San Francisco Bay area at 
strong-motion stations that recorded ground motions from the Loma Prieta earthquake of 
17 Oct 1989. One borehole was drilled to a depth of 660 feet; the others range in depth 
from 100-350 feet. S- and P-wave logging has been completed and the data is currently 
being processed. The data will be released in a series of USGS Open-file reports. The first 
is expected to be available in March, 1992.
These data are needed by the Structual Engineers Association of Northern California to 
improve the correlation between earthquake ground motions and local geology for revision 
of the Uniform Building Code. In addition, shear velocity, in conjunction with geologic 
mapping, is used as a parameter to expand the seisrr.ic data base to a regional scale for 
delineating the earthquake hazard for microzonation.

2. Seven boreholes completed by agencies other than 
for S- and P-waves. These data are from boreholes located

the USGS have also been logged 
at:

SITE DEPTH
Treasure Island 340 feet
Yerba Buena 80 feet
Gilroy #2 600 feet
San Francisco Airport 475 feet
Naval Airstation Alemada 460 feet 
Oakland Outer Harbor Wharf 550 feet
Palo Alto V.A. Hospital 480 feet

An Open-file report containing S- and P-wave velocities, record sections, and geologic 
profiles from these seven boreholes will be available la.te December 1991.

Reports:
No reports this period.
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Denver CO 80225
213-2363282

Investigations

The geologic evolution of the New Madrid Seismic zone is closely tied to the 
evolution of the Reelfoot rift (RFR). This study documents the northeastern extension 
of this rift in an area where it bends east to form the Rough Creek graben. In contrast 
to the part of RFR in the New Madrid area, the study area (fig 1) is not covered by 
Mesozoic and Cenozoic sedimentary rocks of the Mississippi Embayment. This 
exposure permits detailed study of the surface expression of Paleozoic geologic 
features.

We present preliminary interpretations from a reflection-seismic profile 
designated DIB-3, in the southern Illinois Basin. The NW-SE oriented line (fig 1) 
through southern Illinois and western Kentucky is a high-quality dynamite-source 
regional seismic-reflection profile, acquired and processed by Seismic Specialists, Inc., 
with a record length of five seconds (two-way travel time). The USGS has purchased 
a 82.8 km (51.4 mi) segment of this line. This portion begins in Saline County Illinois, 
crosses the Ohio River near Hurricane Island, and terminates in Caldwell County, 
Kentucky. This line crosses several prominent geologic structures of the region 
including the Rough Creek Shawneetown fault zone, the Herod fault (an extension of 
the Lusk Creek fault zone), Hicks dome, the Fluorspar Area fault complex, and the 
Tabb and Pennyrile fault systems. Paleozoic strata and faults are generally 
well-imaged on this profile except locally on the Illinois side of the Ohio River, as 
discussed below. The position of the top of Precambrian crystalline basement is 
ambiguous in many reflection profiles from this area (Heigold and Oltz, 1991), but our 
picks are consistent with the previously published profiles of Heigold and Oltz, (1991) 
and Bertagne and Leising, 1991).

Seismic reflections from Paleozoic strata were correlated with the aid of a synthetic 
seismogram generated from the sonic log of the Texas Pacific Streich #1 well 
northwest of Hicks dome (fig.3) and by correlation with other published seismic 
reflection profiles from the area (Bertagne and Leising, 1991; Heigold and Oltz 1991).
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reflection profiles from the area (Bertagne and Leising, 1991; Heigold and Oltz 1991). 
We also correlated the profile with outcrop patterns of strata and faults in the area. 
Figs. 2 and 3 show our preliminary interpretations. Contractual agreements will allow 
publication of parts of the seismic data in a more comprehensive article that will follow.

Results
A most obvious feature of the data is the dramatic northwest to southeast 

thickening Middle and Lower Cambrian rocks (fig. 2). This interval, which is 
interpreted by many workers as a syn-rift sequence (e.g. Kolata and Nelson, 1991), 
includes the Eau Claire/Bonneterre formation, and underlying elastics of the Mt. Simon 
plus Middle Cambrian(?) units. This portion of the section thickens from approximately 
0.25 s (two-way travel time) northwest of the Ohio River (corresponding to a 
sedimentary section approximately 830 m thick), to about 0.45 s (1500 m) near the 
Ohio River and finally to the Pennyrile fault system in Kentucky where it is .7 s thick 
(2350 m). The reflections from this sequence have an apparent dip to the southeast. 
This thickening wedge of Cambrian sedimentary rocks terminates against faults that 
project to the surface as the Tabb and Pennyrile fault systems. This zone contains 
several major steep normal faults that offset crystalline basement to form the 
southeast margin of the rift (fig 2.). Below, we refer to this rift-bounding fault system 
as the Pennyrile fault system, because Bertagne and Leising (1991) identified the 
Pennyrile as the southern boundary of the rift east of our study area.

The top of the Precambrian basement is offset by normal faulting northwest of 
Hicks dome and a noticeable southeastward thickening of Cambrian rocks occurs 
across the Herod fault (fig 3). However, The amount of thickening of the Cambrian 
rocks associated with the Herod fault is quite small compared to the amount across 
the Pennyrile fault zone (fig. 2,3). We detect no significant basement offset or 
Cambrian sedimentary thickening associated with the Rough Creek-Shawneetown fault 
zone to the northwest along line DIB-3. However, disrupted reflections from late 
Paleozoic strata are prominent along this fault zone. Thus the Lusk Creek-Herod faults 
were the major rift-bounding faults on the northwest margin of the RFR during 
Cambrian time.

The thickness of the Cambrian rift-filling sequence against the Pennyrile fault 
zone is significantly greater along line DIB-3 than reported further to the east along the 
south margin of the RCG by Bertagne and Leising (1991) where it is approximately 
0.5 s. The DIB-3 data demonstrate that, within the major bend in the Cambrian rift 
system, the principal graben is asymmetric, thickening to southeast, as opposed to the 
northward-thickening pattern (thickening towards th£ Rough Creek fault) reported 
(Bertagne and Leising, 1991) east of DIB-3. Apparently, in the Illinois basin area, 
Cambrian displacement on the ancestral Rough Creek - Shawneetown -Lusk Creek 
fault system diminished to the southwest, whereas Cambrian displacement on the 
Pennyrile fault system increased to the southwest. This bend in the rift system may in 
turn have occurred along a major crustal boundary inferred from regional geophysical 
data (Kolata and Heigold, 1991).

The seismic data provide some structural information on the genesis of Hicks 
dome. A well-defined hinge zone separates subhorizontal Paleozoic strata (to the
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west) from the west-dipping flank of the dome, in the vicinity of the Herod fault. 
Beneath Hicks dome, the entire section of Paleozoic rocks and the top of Precambrian 
basement are domed (fig. 3), which indicates that the uplift originated in the basement, 
processes rather than within the sedimentary section. The doming of basement rocks 
would rule out an early hypothesis by Brown et al. (1954), that "explosion breccias in 
this mid-continent area are primarily due to the generation of steam in water-bearing 
sedimentary formations that were transected by the basic igneous intrusives".

Beneath the projected crest of dome on the seismic line. Cambrian through 
Devonian reflections are highly disrupted and in some cases, are totally obliterated. 
The distinction between continuous reflectors and the disrupted interval is distinct on 
the projected northwest edge of the dome and less so on the southeast. Nonetheless, 
the seismic data give the impression of an upward tapering cone of highly disrupted 
sedimentary rocks. We interpret this disruption to be caused by brecciation and 
fracturing of these layers, perhaps during the "cryptovolcanic" event that has been 
invoked to explain Hicks dome.

It is our tentative conclusion that this "disruption" extends into the basement 
rocks. The evidence for this is the termination of reflectors within the basement at a 
point below the disrupted zone in the overlying sediments. This effect is most 
pronounced on the northwest side of the dome. If we assume on the basis of 
geophysical data that no intrusion is present, the combination of doming of the 
basement surface and basement/sedimentary rock brecciation is best explained by an 
explosive release of igneous volatiles. This conclusion agrees with previous workers 
(e.g. Heyl 1983, Baxter et al. 1989) who have concluded from various lines of 
evidence such as the presence of intrusive breccias (including carbonatitic breccias) 
and an "alkalic suite" of elements that mantle derived volatiles were involved in the 
genesis of Hicks dome and its associated mineralization.

Between Hicks dome and the Ohio River, reflections from Paleozoic rocks are 
also discontinuous but not to the extent as those observed beneath the dome. This 
disruption is probably due, in large part, to intense faulting associated with the 
Fluorspar Area fault complex and many of the zones of disrupted reflectors can be 
correlated with mapped surface faults. However, data acquisition and processing 
difficulties including geophone coupling and static correction problems along this part 
of the line probably contributed to the discontinuity of reflections. (P. Scaturro; oral 
commun. 1991).

Data acquisition and processing problems in this area may contribute to an 
apparent lack of reflectors in the Middle Ordovician and Knox, intervals which 
elsewhere produce continuous reflections. However, this same stratigraphic interval is 
intensely brecciated and mineralized in the Hamp well at Hicks dome (as noted above) 
and brecciation/alteration could also contribute to the apparently poor data quality. We 
cannot distinguish between these alternative causes.

Correlation of the reflection data with surface mineralization patterns shows 
that, in most cases, surface faults with mineralization such as the Herod fault (fig 3) 
and the Commodore fault system of Kentucky (not illustrated), clearly offset the 
contact between Precambrian basement and the Paleozoic rocks. Other mineralized 
faults are splays off of the faults that cut basement. This relationship between 
structure and mineralization implies that the fluorine source for the ores of the
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Illinois/Kentucky fluorspar district is deep within the basement.
There is an interpretive problem at the base of the Paleozoic section in the

vicinity of the Ohio River. A thick section of Cambr
the river in Kentucky, but on the northwest side of the river in Illinois reflections from
Paleozoic rocks occupy a much smaller travel time
may cause this apparent difference in thickness: (1]

an rocks is present southeast of

interval. At least three possibilities
a major Cambrian structure is

present at the position of the Ohio River; (2) the apparent change in sedimentary 
thickness is related to acquisition and processing problems in this area; (3) a possible 
major Cambrian fault just on the Illinois side of the Ohio River is partially masked by 
poor data quality. Two lines of evidence bear on this question. Strong continuous 
reflections on the Kentucky side of the river may cohtinue as weaker reflections to the 
Illinois side where they terminate just northwest of the Ohio river. Secondly, Bouguer 
gravity data show a distinct break of four mgal in the area just on the Illinois side of 
the river. More negative values occur towards the southeast consistent with a 
downward stepping of basement to the , and consequent infilling of clastic sediments 
(T. Hildenbrand and R. Kucks, written commun. 1990). Together, these two 
observations lead us to favor possibility three.

Marked similarities and important differences exist between the study area and 
the New Madrid seismic zone to the southeast. Most obviously, both include the 
Reelfoot rift as a major structural feature. Both areas contain a structural uplift (Hicks 
dome and Pascola Arch, respectively), that forms the northern terminus of an elongate 
arch within the central graben of the rift (Tolu and Blytheville Arches). Furthermore, in 
both areas the uplift occurred in late Paleozoic time (compare McKeown et al. 1990 
and Kolata and Nelson, 1991).

In addition, alkalic igneous activity occurred at both Hicks dome and the 
Pascola Arch. In the New Madrid area, a well drilled near the crest of the Pascola 
Arch (the USGS New Madrid test well), contained extremely high concentrations of 
Be, Nb, Th, and La (unpublished data R. Erickson and M. Goldhaber). This group of 
elements is characteristic of alkalic igneous processes (e.g. Mariano, 1989). Thus the 
study area and the New Madrid area have some mijor similarities in their geologic 
evolution.

A major difference between the two areas is the intense faulting of the 
Fluorspar area fault complex within the graben boundaries at the northern end of the 
Reelfoot rift. In contrast, seismic profiles across the rift south of the Pascola arch 
(McKeown et al. 1991) show no complex faulting outside the central uplift. We 
postulate that the more complex fault pattern to the north may reflect the interaction of 
the northeast directed Late Paleozoic compressive stress field associated with the 
Ouachita orogeny (e.g. Thomas, 1989), with the ea^t-trending rift boundary of the 
RCG. This preexisting complex network of Paleozoic faults may presently serve to 
distribute the strain in the study area, so that sufficient stress does not accumulate on 
any single fault to produce a large magnitude earthquake. In contrast, in the New 
Madrid area faulting may be confined to the structural highs because these are more
localized preferential zones of weakness (McKeown etal. 1991).
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The Effect of Lateral Variations in Subsurface Structure on Expected 

Patterns of Strong Ground Motion in the San Francisco Bay Region

14-08-0001-G2126

Robert W. Graves
Woodward-Clyde Consultants,

566 El Dorado Street,
Pasadena, CA 91101

(818) 449-7650.

Objective

The purpose of this project is to use recorded strong motion data to investigate the broadband 

response at several recording sites throughout the San Francisco bay region, and examine the in­ 

fluence of lateral variations in subsurface structure on these recordings. This will involve a forward 

modeling approach incorporating techniques capable of simulating wave propagation within laterally 

varying media.

The most important strong motion data are recordings from the 1989 Loma Prieta mainshock 

and aftershocks, particularly in the heavily damaged areas of the Marina District in San Francisco 

and in the vicinity of the Cypress Street viaduct in Oakland. Rogers (1991) has compiled cross- 

sections across the bay at several locations that indicate lateral variations in basin thickness and 

sediment composition. In addition, Bonilla (1991) has presented a detailed study of the geologic 

structure of the Marina District, showing the nature of sediment deposition and variable basement 

topography (Figure 1).

Results

Aftershock data recorded in the Marina District clearly show a large amplification in ground 

motion relative to nearby rock sites for frequencies between 1 and 10 Hz (Figure 2). Some of the 

amplification can be explained by the difference in impedance between the Marina sites and the 

rock sites; however, these simple one-dimensional models still underpredict the amplification in the 

range 1 to 3 Hz. We have found that focusing effects caused by the basin structure underlying 

the Marina District have a significant impact on ground motion amplification in this frequency 

range. Our approach uses a two-dimensional finite-difference wave field simulation to model the SH 

response within the Marina basin. The simulations are initiated with a plane shear wave having 

an incidence angle appropriate for critical reflections from the Moho. We have computed results 

for a rock site, a plane layered model with basin-type sediments near the surface, and a sediment 

filled basin structure (Figure 3). In general, spectral ground motions for the plane layered model 

are amplified by roughly a factor of 2 for the frequency range 1 to 6 Hz. relative to the rock site, 

with individual peaks at 1, 2.5, and 4 Hz. Enclosing the sediments within a basin structure has the 

general effect of further boosting the ground motions between 1 and 3 Hz., although the response is 

dependent on the location of the site with respect to the margin of the basin as well as the geometry 

of the basin structure itself (Figure 4).
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Figure 1: Map showing inferred basement contours on the surface of bedrock within the Marina 
District (modified from Bonilla, 1991). Solid triangles show the locations of aftershock recording 
sites. Note that stations NPT, BEA, and LMS are located on the basin sediments and station MAS 
is sited on an outcrop of bedrock.

.20

NPT

10 20
seconds

30

Figure 2: East-west ground velocity for an ML   3.6 aftershock (modified from Boatwright et. al., 
1991). Peak velocities of the shear waves for the basin sites (NPT, BEA, and LMS) are a factor of 
two larger than that observed at the rock site (MAS). In addition, note the large amplitude arrivals 
after the direct S-wave in the basin recordings. We interpret these to be surface waves which are
generated locally within the Marina basin.fc 820
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rock site (ID) basin profile (2D)

soil site (ID)

............

Figure 3: Finite-difference SH velocity synthetics for a rock site, ID soil site, and a profile of stations 
across the basin margin. Thickness of the basin sediments is 90 meters and the station spacing in 
the basin profile is 200 meters. For stations located on the sediments, there is a large amplification 
relative to the rock site simulation. Furthermore, the basin profile shows the development of a large 
amplitude Love wave at the basin margin which then propagates into the basin with a slow apparent 
velocity. These characteristics are similar to those seen in the data of Figure 2.
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Seismic-Induced Landslide Experiments
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Randall W. Jibson
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U.S. Geological Survey

Box 25046, MS 966 
Denver, Colorado 802^5

Investigations undertaken

Two sites, one in the San Francisco Bay area and one in the greater Los Angeles 
area have been selected in which instruments will be deployed to collect strong-motion, 
displacement, and pore-pressure data from active landslides likely to be reactivated in a 
future earthquake. The strategy will be to emplace surface accelerometers both on and off 
the landslide masses, pore-pressure transducers (piezometers) within the slide masses 
below the water table, and extensometers across headwall scarps or lateral shear surfaces of 
the slides. During future earthquakes, surface accelerations, pore-water pressures, and 
displacements will be recorded simultaneously. The successful recording of such data will 
greatly enhance the understanding of the physics of the interaction between seismic inertial 
forces and the landslide-triggering and movement process.

A site in the Santa Cruz Range near La Honda, California has been selected for 
instrumentation to record future earthquake effects on a lindslide within the San Francisco 
Bay area. The landslide selected was one that showed slight displacement (0.5 cm) along 
its lateral shear surfaces in response to the Loma Prieta earthquake. In southern California, 
a site at Chantry Flat north of Santa Anita Canyon was selected on a deep-seated landslide 
mass that was reactivated (« 15 cm displacement in its lower midsection) in the 1991 Sierra 
Madre earthquake. Each landslide site will be instrumented with two surface 
accelerometers, one on the slide mass and one adjacent txb it on stable ground, three to five 
piezometers at various depths, and one to three extensomleters, all to be, recorded 
simultaneously after being triggered by a seismic event. Other piezometers and 
displacement meters recording on a long term basis will provide displacement and pore- 
pressure data for several hours or days after shaking stops. Inclinometer casing will be 
installed to detect subsurface deformation.

Results obtained

Sites have been selected in both the San Franciscb Bay area and in southern 
California close to active faults likely to generate at least a magnitude 5-6 earthquake within 
the next ten years. Most of the equipment has been received and is being tested. 
Installation will begin in early summer 1992 or as soon as the drill rig operated by the 
Branch of Engineering Seismology and Geology becomes available.
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Hazard Potential and Paleoseismic Implication of
Liquefaction-Induced Landslides Along the

Wasatch Front, Utah

Agreement No. 14-08-0001-G2058

Kimm M. Harty, Mike Lowe, and Gary E. Christenson 
Utah Geological Survey
2363 S. Foothill Dr. 

Salt Lake City, Utah 84109

(801) 467-7970

Background and Summary of Objectives

Fifteen late-Pleistocene/Holocene liquefaction-induced land­ 
slides have been identified along the Wasatch Front by previous 
researchers. The goal of this study is to further constrain the 
timing of these landslides, and to determine if they have 
experienced recurrent movement. If recurrent movement can be 
shown, local governments are more likely to consider this in 
development on these features, or look for an area-wide mitigation 
strategy to reduce the risk. A further objective, identified 
during the course of the study, is to determine whether some of 
these 15 features are indeed landslides, or are related to other 
processes such as differential subsidence or other effects of a 
fluctuating shallow water table and artesian conditions. 
Techniques used to investigate the landslides include: air-photo 
interpretation, geologic and geomorphic mapping, and trench 
excavations.

Investigations Undertaken

Geomorphic mapping at 1:10,000 or 1:20,000 scales and 
reconnaissance field checking has been completed for all the 
landslides. Both internal geomorphic features, such as shear 
scarps, ridges, hummocks, and depressions, and external regional 
features, such as river terraces, deltas, and major and minor 
shorelines of Lake Bonneville, were mapped.

Six excavations have thus far been undertaken on the following 
three landslides: "North Ogden" (Weber County); " North Salt Lake" 
(Davis County); and "Springville/Spanish Fork" (Utah County). The 
trenches were logged and bulk soil samples were taken for 
radiocarbon dating. Only one trench (North Ogden landslide) 
contained firm evidence for liquefaction and material suitable for 
radiocarbon dating. Cities and counties in the landslide areas are 
cooperating in the investigations by providing backhoes for the 
trench excavations. The excavations will proceed through the 
winter of 1982.
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Results Obtained 

Box Elder County landslides

Seven areas of lateral-spread or flow landslides have been 
mapped in Box Elder County (Oviatt, 1986a,b; Personius, 1988). 
Most of these landslides were inferred to have occurred 
approximately 12,000-13,000 years ago, based on undeformed 
lacustrine shorelines that cut the surfaces of the slope failures 
at approximately 4,420-4,440 feet (1,347-1,353 m) elevation 
(Oviatt, 1986a,b; Personius, 1988). Based on geomorphic mapping, 
preliminary indications are that most of these landslides are 
rotational slumps, translational slides, or complex landslides 
rather than liquefaction-induced lateral spreads or flow slides. 
Most of the main scarps of the landslides are on steep slopes, and
some of the failures have multiple back-tilted minor scarps
characteristic of slumps. Most of the failures formed in Lake 
Bonneville gravels, and many of the deposits consist of isolated 
knolls of gravel that lie on undisturbed finer lake sediments, 
suggesting that the slope failures flowed or spread out into the 
lake.

Because of the uniformity with which these landslides are cut 
by a single Lake Bonneville shoreline, they were likely synchronous 
events, perhaps triggered by an earthquake as proposed by Oviatt 
(1986a,b). However, it may be that these landslides are simply 
earthquake-induced landslides rather than liquefaction-induced 
landslides. No evidence of liquefaction was observed in exposures 
of the landslide deposits, but this does not preclude its 
existence. Tilted bedding was observed in some stratified sand and 
gravel deposits, but this can be explained by slumping of landslide 
blocks. Because the landslides occur on steep slopes, liquefaction 
is not necessary to account for the failures.

North Ogden landslide

The approximately 30 km2 North Ogdejn lateral spread was first 
identified by Miller (1980), and subsequently mapped in parts by 
Personius (1988) and Nelson and Pelrsonius (1990) . Little 
information is available regarding the age of this landslide. To 
date, we have excavated two trenches into the North Ogden 
landslide. A trench placed across the main scarp yielded little 
useful information, but a second one excavated into a hummock on 
the main body of the landslide showed evidence of liquefaction and 
a means to constrain the timing of at least one liquefaction event. 
This trench contained three buried A-horizon soils from which a 
constraining date for a liquefaction-induced earthquake can be 
determined. In this trench, we found numerous sand-filled 
fractures in fine-grained mud-flow deposits that post-date the Lake 
Bonneville cycle (probably < 10,0000 yr 13.P.). We believe the sand
was injected into fractures due to 
earthquake. The source for the fine,

liquefaction during an 
poorly-graded sand in the

fractures was not found in the trench excavation, which reached a 
maximum depth of 3 meters. The location and geometry of the sand-
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filled fractures suggests the sand was likely injected laterally 
into the mud-flow units from a nearby, possibly localized source 
deposit that may not necessarily exist below the trench site. 
Severely deformed and contorted bedding was also observed in the 
trench that may be related to an earlier lateral-spreading event.

Springville/Spanish Fork landslide

Situated between the cities of Springville and Spanish Fork, 
this feature was mapped by Miller (1982) and Machette (1989). It 
is mapped as a possible lateral-spread landslide by Miller (1982), 
and its age is estimated as Holocene to upper Pleistocene 
(Machette, 1989) . We excavated two trenches into this feature, one 
in the center of the deposit, and one across a previously unmapped 
lineament on the feature. The lineament trends NE-SW, and can be 
traced for about 2.3 km. Neither trench showed evidence of 
liquefaction or deformed bedding in the lacustrine clays exposed in 
the trench walls. A 17-cm-thick gravel layer found in the trench 
across the lineament suggests the feature is probably a regressive 
shoreline of Lake Bonneville.

Although dissected and eroded in places, the shoreline was not 
displaced by the lateral spread, and thus appears to post-date the 
formation of the feature. However, surface topography on the 
feature, for example, depressions near the "toe", appear younger 
than a cross-cutting shoreline would suggest. Preliminarily, we 
offer three explanations that may explain the apparent discrepancy. 
1) Lateral spreading did not occur within all the areas mapped as 
a lateral spread by Miller (1982) and Machette (1989). 
Specifically, significant movement did not occur in areas where the 
shoreline crosses the lateral spread, and in fact, may be limited 
to much smaller areas within the mapped boundaries of the 
landslide; 2) The feature is not a lateral spread, but liquefaction 
during earthquake ground shaking created surface depressions, 
giving the appearance of a lateral spread; or 3) The feature is not 
a lateral spread, but an area affected by differential subsidence 
or other conditions caused by a fluctuating shallow water table, 
spring discharge, and artesian ground-water flow. Evidence 
obtained thus far points to the latter explanation as the most 
plausible, but further study of this feature needs to be done to 
resolve the question.

North Salt Lake landslide

This landslide is mapped as two separate lateral spreads by 
Van Horn (1982) and Anderson and others (1982) . Anderson and 
others (1982) excavated two shallow test pits on the northern, 
younger landslide, and one test pit on the older landslide. The 
test pit on the older landslide showed no evidence of liquefaction 
or disturbed bedding. The test pits on the younger landslide 
showed minor bedding disturbance in the form of 1-2 cm offsets in 
marker beds (Anderson and others, 1982). We excavated two narrow 
trenches down the slope of a 2.5-meter-deep land drain that crosses 
both landslides. No evidence of liquefaction or sediment
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deformation was observed in either of the two trenches, each of 
which was on a separate landslide. Additional excavations are 
planned on this feature.

Conclusions and Further Work

Geomorphic mapping and trench excaivations have preliminarily 
produced both positive and negative evidence for liquefaction and 
liquefaction-induced landsliding along the Wasatch Front. 
Radiocarbon dating of buried soils iri the North Ogden lateral 
spread will constrain the date of at least one liquefaction event 
at this site. Trenching of additional presumed liquefaction- 
induced landslides will continue along the Wasatch Front during the 
winter of 1991-92.
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Investigations

1) The 1989 Loma Prieta earthquake is used to test the ability to predict near-source 
strong-ground motions using a teleseismically derived rupture model. This study has application 
to many seismically active areas that do not have strong motion instrumentation and the only 
ground motion records for larger earthquakes come from teleseismic distances. Digital, 
world-wide, body-waves for Loma Prieta have been used in an inversion scheme to obtain a 
detailed picture of the rupture history. This rupture history is used to calculate mainshock ground 
motion time histories at the strong motion sites. The usefulness of both empirical Green's 
functions (aftershock records) and synthetic Green's functions is evaluated. Comparison of the 
calculated records with the mainshock strong motion records allows evaluation of the method.

2) A relatively new design concept for buildings (calls for the insulation of the structure 
from earthquake ground motions by base-isolation. Bas^-isolation is usually accomplished by 
placing the building on a damped spring system. The objective of this research is to evaluate what 
earthquake magnitudes and what distances from the rupture plane such a structure will perform 
desirably.

3) Digital seismic recorders were purchased to improve 
Geologic Risk Assessment to respond to seismic hazards 
Pacific Northwest.

the capabilities of the Branch of 
in the New Madrid region and the

4) Southern Great Basin seismicity.
In the first study a model of the spatial variations in detection/location capabilities of 

the Southern Great Basin Seismic Network (SGBSN) wa$ developed so that natural 
variations in seismicity could be unambiguously identified. The seismicity patterns were 
then interpreted in terms of a regional shear strain field modeled using a boundary element 
algorithm. This approach assumes that variations in the magnitude of the strain field are 
due to long term slip on the major faults in the region. The orientation of the principal 
regional stress axes and displacement vector, and geological constraints on the sense of 
motion on faults determines the amount of long term slip on each fault and the resulting 
variable shear strain field. The magnitude of the long term slip is used to infer which faults 
are most capable of producing large earthquakes.
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The second study is focused on understanding anomalous earthquakes recorded on 
the SGBSN. These earthquakes appear to be induced by nuclear testing based on their 
occurrence rates and close proximity to the test sites; however they are also observed many 
weeks after a test and at several tens of km distance from any test site. They are readily 
distinguished from typical shear failure earthquakes because they are depleted in high 
frequencies, have unusually slow coda decay rates, are lacking in clear shear wave arrivals, 
and when identifiable first motions are dilatational. Candidate causes for the anomalous 
character of these signals include processes related to magmatism, migration of water or 
steam, slow shear slip, or very strong attenuation. A useful discriminant among these 
candidate processes are the event hypocenters. However, the presence of strong 
anisotropy in the region, poor signal to noise for most arrivals and lack of good station 
coverage necessitates use of non-traditional hypocenter estimation procedures. We have 
applied the probabilistic estimation procedure described in (Gomberg et al., 1989) and 
further developed it by incorporating ideas used in JHD and master event location 
algorithms (Dewey, 1971).

5) Research on the New Madrid seismic zone (NMSZ) uses the same modeling approach 
as in the study of seismicity of the SGBSN except that morphologic and geologic data are also 
used to constrain the area! (contractional and extensional) strain fields. A separate 
boundary element program has also been developed to calculate cross-sectional strain fields 
and fault slip distributions for strike-slip faults in a layer-over-half-space. The principal 
objectives of this work are to identify the strike, length, width, and slip distribution of 
major causative faults for the 1811-1812 earthquakes in the NMSZ.

6) Work on regional seismic networks (RSN) has concentrated primarily on the upgrade 
of the SGBSN. This has also required significant interaction with US National Seismograph 
Network (USNSN) personnel and the development and testing of software and hardware 
to enable a regional network like the SGBSN to use the USNSN's satellite telemetry 
facility. This experience is being shared with other RSNs through participation in the 
newly formed Consortium of US Regional Seismic Networks.

7) Considerable effort continues in the finalization of the Professional Paper 1560 on 
earthquake hazards in the Pacific Northwest.

8) During this period a plan was devised to collect high quality digital data in Los 
Angeles basin relating to the effects of site geology on ground shaking levels.

Results

1) Broadband, digital, teleseismic body-waves (P and SH) have been inverted to obtain 
the history of slip for the 1989 Loma Prieta earthquake (Hartzell et al., 1991). The results of these 
calculations are summarized in Figure 1. Slip on the fault plane (strike=126 degrees, dip= 
67 degrees) is contoured in units of centimeters and decomposed into strike-slip and dip-slip 
components and their vector sum. Two solutions are obtained, one assuming an L2 norm 
(standard least-squares) and another assuming an LI norm. Uncertainties in the solution due to the 
choice of the inversion norm are rarely appreciated in finite-fault waveform inversions.
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The best-fitting rupture velocity was determined to be 2.5 km/sec for both norms. Given the 
above models all that is required to calculate the near^source strong-ground motions are the 
propagation path effects from the source to the local receivers. Adequate knowledge of these 
effects are often lacking. Therefore we use recordings of aftershock records as Green's functions 
(Hartzell, 1978). We use the aftershock data set collected by the USGS and compiled on compact 
disc (Mueller and Glassmoyer, 1990). The effectiveness iof these empirical Green's functions is 
compared with synthetic Green's functions calculated using a one-dimensional structure.

Before the aftershock records can be utilized in the calculations they must be properly 
scaled. The magnitude range of the aftershocks used is from 2.7 to 4.0. This range is set by the 
restrictions of having records of sufficient amplitude but not clipped, and also included enough 
events to obtain adequate spatial coverage of the fault plane. The aftershock records have all 
been scaled to have the same rise time as the average magnitude 4.0 event by convolution with 
triangular functions of varying widths. The records are then scaled in amplitude to a common 
moment. The comparison between the observed mainshock records and those from the 
simulations is done over the frequency band of 0.5 to 5.0 Hz. The results are summarized in 
Tables 1 and 2 and reported in Hartzell (1991). Table 2 gives observed and calculated peak 
velocities. The simulated values are labeled LjA, LjS, I^A, and L^S, where 'A' stands for 
aftershock Green's function simulation and 'S' stands for synthetic Green's function simulation. 
Many of the poorer fits can be attributed to either inadequate aftershock coverage or failure to 
incorporate site effects in the synthetic Green's functions. In general, the simulations using 
aftershock Green's functions give more accurate predictions of record durations. However, neither 
the synthetic Green's function records nor the aftershock Green's function records are 
systematically better at fitting the peak amplitudes. The L2 model fits the observed amplitudes 
marginally better than the LI model. One of the largest sources of uncertainty comes from an 
incomplete knowledge of the source-time function.

2) The critical feature of base-isolated structures is the limited amount of displacement 
(typically 0.3 to 0.5 meters) that can be tolerated before significant damage to the building occurs. 
We have studied the hypothetical response of base-isolated buildings to synthetic near-field 
ground motions for large Mw greater than 7.0 strike-slip earthquakes. We use a two-fold method 
of ground motion simulation. In the frequency range from 0. to 2. Hz discrete wavenumber/finite 
element, full wave-theory Green's functions (Olson et al., 1984) are calculated for a specified 
velocity model and summed over a finite fault. In the frequency range from 2. to 25. Hz we add 
the ground motion for the Ms 7.4 Tabas, Iran, earthquake as recorded at the town of Tabas, 
approximately 1 km from the fault surface break. Before adding the Tabas ground motion it is 
scaled using the distance attenuation relationship of Joyner and Boore (1981).

The slip on large strike-slip earthquakes can average 5 meters or larger. Assuming 
symmetric deformation on opposite sides of the fault, we calculate fault-parallel ground 
displacements as large as one-half of the fault slip within 2 km of the fault plane. This 
displacement occurs as a ramp whose duration depends upon the slip duration on the fault and the 
distance of the site from the fault. Away from the epicenter and within 10 km of the fault, a large 
displacement pulse (no net offset) occurs on the fault-perpendicular component from SH waves 
enhanced by directivity effects. Its amplitude is comparable or larger than the ramp displacement
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on the parallel component. The response of base-isolated structures to these large-amplitude 
ground displacements depends on the natural period of the damping system and the duration of 
the large displacement pulses. If the natural period is comparable to the duration of the 
displacement pulse, which seems to be a case for many structures, the isolation system can be 
overdriven.

3) To extend the research capabilities of the Branch of Geologic Risk Assessment into 
earthquake ground motion and site effects, four Refraction Technology digital seismic recording 
systems were purchased. Delivery is expected in mid-December, 1991. In addition to the field 
data acquisition units these systems include a DAT tape recorder and a 195-megabyte portable 
disk for field data storage. To view the data in the field and to make preliminary analyses, a field 
computer was purchased (IBM compatible PC) with software development support to interface 
Refraction Technology format with existing data analysis programs. These field recorders will 
be used in a variety of ground motion studies. Questions to be addressed include the size of past 
(1811-1812) New Madrid earthquakes and the prediction of ground motion for possible future 
events, the quantification of site effects in this region, and investigation into the source parameters 
of central United States earthquakes.

4) Southern Great Basin seismicity.
The detection/location threshold model and analysis shows that variations in 

threshold are significant for the magnitude range included in the SGBSN catalog. Analysis 
of the natural seismicity patterns show that 1) off-fault seismicity should be expected, 2) 
relatively low seismicity rates west of the Death Valley/Furnace Creek Fault system and 
large values of inferred fault slip may indicate that significant creep or large earthquakes 
occur on these faults relaxing most of the shear strain in the region, 3) relatively low 
seismicity rates in the vicinity of Yucca Mountain and small values of inferred fault slip 
indicates a lower potential for large earthquakes and 4) the spatial distributions of moment 
or strain release and numbers of earthquakes in the SGBSN are essentially the same for the 
time period analyzed.

Use of the probabilistic hypocenter estimation procedure including station/path 
corrections derived from nuclear tests has been demonstrated to produce useful estimates of 
both epicenters and focal depths; this is true even when traditional non-linear methods 
clearly produce unreliable estimates. 15 anomalous events have been located with 
significant testing for the robustness of the locations enabling us to conclude that these 
events most probably occurred above 2 km depth and may range in distance from the most 
recent nuclear test (or any test) from 0 km to more than 30 km. This suggest that their 
anomalous character is probably due to migration of water or steam or very strong 
attenuation (magmatism or slow shear slip imply deeper sources).

5) Models explaining the morphologic and geologic structures and seismicity in the 
NMSZ suggest that the 1811-1812 earthquakes occurred as right-lateral slip on two 
left-stepping, vertically dipping strike-slip faults which are coincident with the northeast trending 
zones of seismicity and the Blytheville Arch. The morphology of the NMSZ appears to be a 
consequence of major earthquakes which occur as regional strain accumulates and is 
relieved on a few faults located in a preexisting, heterogeneous, highly fractured region.
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The shear strain fields associated with models of coseisniic slip on major faults or of long 
term slip in a uniform regional strain field predict distinguishably different seismicity 
patterns; however, available seismicity data are inadequate to discriminate between the two. 
The Bootheel Lineament does not appear to mark a major seismogenic structure. The 
estimated lengths of the two major faults modeled are used to infer that relatively large 
displacements occurred during the 1811-1812 earthquakes or that the brittle crust is 
relatively thick in the NMSZ. Model predicted subsidence within the St. Francis Sunk 
Lands suggests that tectonic deformation may influence fluvial processes in the NMSZ. 
Models also suggest that the 1811-1812 earthquake ruptures may not have extended to the 
surface implying that presently accepted estimates of the|r seismic moments may be too 
large.

6) To the extent possible, field sites have beei|i prepared and permitted for the first 
USNSN station to be part of the SGBSN and for one telenietry node, sites have been selected and 
permitted for almost 25 new stations and two additional telemetry nodes. Field data 
acquisition and telemetry systems are being built by Refraction Technology and the first 
node and few stations are nearly ready to be delivered. Most auxiliary hardware has been 
procured and received. Portable seismographs have been tested. Significant network 
design changes are being considered owing to the DOE/USGS-YMP (Yucca Mountain 
Project) decision to transfer the SGBSN to the University of Nevada over the next two
years. Field and administrative (e.g. procurement) work has been significantly slowed
during FY91 due to the YMP reorganization to the degroe that at present, all upgrade field 
work and procurements have stalled completely. Test dz.ta is being received on SGBSN 
computers from Refraction Technology in Dallas, TX via the USNSN satellite and SGBSN 
acquisition and processing software for use in Golden continues to be developed and 
tested.

7) Professional Paper 1560 is nearly completed. The list of papers tentatively expected 
to be included in this volume is as follows:

Introduction
Rogers, A.M. Kockelman, W.J., Priest, G.R., and Walsh, T.J., "Earthquake hazards in the Pacific
Northwest: An overview
Tectonic Setting
Paleoseismicity
Adams, John, "Great earthquakes recorded by turbidites 6ff the Oregon-Washington margin"
Atwater, Brian, "Coastal evidence for great earthquakes in western Washington"
Nelson, Alan R., and Personius, Stephen F., "The potential for great earthquakes in Oregon and

Washington: An overview of recent coastal geologic studies and their bearing on
segmentation of Holocene ruptures, central Cascadia subduction zone" 

Peterson, C.D., and Darienzo, M.E., "Discrimination of climatic, oceanic, and tectonic forcing of
marsh burial events from Alsea Bay, Oregon, U.S.A." 

Tectonics/Geophysics 
Goldfinger, C. Kulm, V., Yeats, R., Appelgate, B., MacKay, M., and Cochrane, G., "Active strike

slip faulting and folding in the Cascadia plate boundary and forearc, in central and northern
Oregon"
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Johnson, Ansel G., and Beeson, Paul, "Gravity analysis of the greater Portland, Oregon, area" 
Ma, Li, Crosson, Robert, and Ludwin, Ruth, "Focal mechanisms of western Washington

earthquakes and their relationship to regional tectonic stress" 
Snavely, P.D., Jr., and Wells, R.E., "Cenozoic evolution of the continental margin of Oregon and

Washington" 
Vincent, Paul, Richards, Mark, and Weldon, Ray, "Geodetic deformation of the southern Cascadia

margin" 

Weaver, C.S., and Shedlock, K.M., "Estimates of seismic source regions from considerations of
the earthquake distribution and regional tectonics" 

Yeats, Robert, Graven, E.P., Werner, K.S., Goldfinger, C, and Popowski, T., "Tectonic setting
of the Willamette Valley, Oregon" 

Earthquake Hazards 
Ground Motion Prediction 
Cohee, B.P., Sommerville, P.G., Abrahamson, N.A., "Ground motions from simulated M^S

Cascadia earthquakes" 
King, Kenneth, Carver, D., Williams, R., Worley, D., "Site response studies in west and south

Seattle, Washington"
Madin, lan P., "Earthquake-hazard geology maps of the Portland metropolitan area, Oregon" 
Silva, Walter, Wong, Ivan, and Darragh, Robert, "Engineering characterization of strong ground

motions with applications to the Pacific Northwest" 
Ground Failure 
Chleborad, A.F., and Schuster, R.L., "Earthquake-induced ground failure associated with the April

13, 1949, and April 29, 1963, Puget Sound area, Washington, earthquakes" 
Grant, W.P., Perkins, W.J., and Youd, L., "Liquefaction susceptibility maps for Seattle,

Washington North and South Quadrangles" 
Earthquake Risk Assessment 
Wang, Leon R.L., Wang, Joyce C.C., and Ishibashi, Isao, "GIS applications in seismic loss

estimation model for Portland, Oregon water and sewer systems" 
Implementation 
Perkins, J.B., and Moy, K.K., "Liability for earthquake hazards or losses and its impacts on

Washington's cities and counties" 
Booth, Derek, and Bethel, John, "Approaches for seismic hazard mitigation by local governments

 An example from King County, Washington"
Kockelman, William J., "Techniques for reducing earthquake hazards An introduction" 
May, P.J., "Earthquake risk reduction prospects for the Puget Sound and Portland Areas" 
Preuss, Jane, and Hebenstreit, G.T., "Integrated hazard assessment for a coastal community: Grays

Harbor"

Although most of these papers have received Branch Chief approval, several are still in 
revision. These contributions will also appear in the USGS Open-File series as preliminary pre­ 
prints. Eleven of these papers have been submitted for Director's approval as OF reports, and 
eight others are in preparation. The remainder will either not be open-filed because of 
complexities reproducing maps, or we are awaiting the final revision. We hope to complete the 
remainder of the Open-files and submit the manuscripts to TRU for the Professional Paper 
version before Jan. 1.
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8) An experiment was devised in collaboration with John Tinsley and Chuck Mueller to 
deploy a 3-component digital array in Los Angeles basin. This six-station surface array will be 
deployed extending from bedrock near Whittier south to a region underlain by the deepest basin 
sediments. This array is designed to study the effects of bisin geometry on strong motion. Two 
vertical arrays were also designed for sites in San Bernadi^io and Norwalk. These arrays consist 
of 3-component surface instruments and similar instruments at the bottom of a 100 m hole. The 
intent of this experiment is to record strong motion to determine the extent of non-linear soil 
behavior for typical Los Angeles basin sediments. The equipment to be deployed in these 
experiments consists of Quanterra 24-bit digital recorders and Kinemetrics FBA23 and 
FBA13DH accelerometers. The equipment was purchase4 and drilling began during this report 
period.

Reports

Gomberg, J.S., 1991, Seismicity and detection/location threshold in the Southern Great 
Basin Seismic Network, Journal of Geophysical Research, 96, 16,401-16,414.

Gomberg, J.S., 1991, Seismicity and shear strain in the Southern Great Basin of
Nevada and California, Journal of Geophysical Research, 96, 16,383-16,400.

Gomberg, J.S., 1991, Tectonic deformation in the New Madrid Seismic Zone:
Inferences from Boundary Element Modeling, Seismological Research Letters, submitted.

Harmsen, S., Gomberg, J., Richards, P.G., 1991, Shallow $eismicity following selected
nuclear explosions at the Nevada Test Site, Proceedings of the 13th Annual PL/DARPA 
Seismological Research Symposium, J.F. Lewkowicz and J.M. McPhetres eds., 237-240.

Hartzell, S., 1991, Estimation of near-source ground motipns from a teleseismically derived
rupture model, the 1989 Loma Prieta, California, earthquake, Bulletin of Seismological 
Society of America, (submitted).

Hartzell, S., Stewart, G., and Mendoza, C, 1991, Comparison of LI and L2norms in a teleseismic 
waveform inversion for the slip history of the Loma Prieta, California, earthquake, 
Bulletin of the Seismological Society of America (October).

Heaton, T., and Hartzell, S., 1991, Near-field ground motions in large earthquakes and 
base-isolated structures, Seismological Research Letters, 62, 49.

Rogers, A.M., Kockelman, W.J., Priest, G.R., and Walsh, T.J., Earthquake hazards in the Pacific 
Northwest: An overview: in U.S. Geological Survey Professional Paper 1560, Assessing 
earthquake hazards and reducing risk in the Pacific Northwest, Rogers, A.M., Kockelman, 
W.J., Priest, G.R., and Walsh, TJ., eds., 119 ms J)ages, (Branch Approval). This will 
appear in pre-print form with the same tide as U.S. Geological Survey Open-File Report 
91-441-0.
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Table 1

Stations Used In This Study

GEOS Station Strong Motion Location 

Name Station Name

APT

ASH

CAP

GAV

HAL

KOI

MON

SAR

DMD

FOR

CSP

ASH

CAP

GGC

HVL

COR

MCH

SAR

ADD

FRE

Upper Crystal Springs 
Reservoir

Agnews State Hospital

Capitola Fire Station

Gilroy, Gavilan 
College

Halls Valley, Grant 
Park

Corralitos, Eureka 
Canyon

Monterey City Hall

Saratoga, 
14675 Aloha Ave.

Anderson Dam, 
Downstream

Fremont,

Latitude

37.484

37.397

36.974

36.973

37.338

37.046

36.597

37.255

37.165

37.535

Longitude Owner

122.313

121 .952

121.952

121

121

121

121

122

121

121

.568

.714

.803

.897

.031

.631

.929

CDMG

CDMG

CDMG

CDMG

CDMG

CDMG

CDMG

CDMG

USGS

USGS
Emerson Court
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Table 2 

Observed and Calculated Peak Velocities

Station

ASH

AP7

DMD

POR

MON

SAR

GAV

HAL

CAP

KOI

Component

0
90

UP

0
90

UP

250
340
UP

90
180
UP

0
90

UP

0
90

UP

337
67

UP

0
90

UP

0
90

UP

0
90

UP

Observed

11.6
12.8
5.9

15.2
7.2
6.4

17.5
19.2
7.8

11.9
10.1
4.1

3.3
4.6
2.7

31.9
22.0
15.9

18.8
24.4

7.4

11.8
10.7
5.1

36.2
35.4
12.4

55.4
42.0
18.0

LjA

6.9
17.0
7.2

8.5
9.1
3.7

19.7
19.0
18.9

6.8
8.2
4.7

1.9
1.3
1.0

32.3
31.5
12.2

38.7
21.6
14.0

4.8
6.6
2.4

22.8
23.8

6.5

204.
185.

9.8

LjS

6.0
3.3
4.0

7.6
4.0
1.6

11.6
20.6

3.7

2.9
3.0
2.1

3.0
2.9
2.0

20.4
11.3
10.7

41.7
40.3
26.8

3.3
4.8
3.8

28.3
18.7
5.7

49.5
68.5
27.8

L;A

9.8
21.6

6.9

9.7
9.1
4.3

21.4
21.2
10.6

9.9
8.5
4.5

2.0
1.6
1.1

34.3
22.4

8.7

37.5
37.2
12.9

4.9
8.3
1.9

21.1
30.7
6.3

222.
236.

26.7

L£

9.6
11.2
6.0

15.0
6.5
5.8

13.0
18.0
4.7

6.7
4.5
4.1

5.9
3.1
3.4

28.5
21.0

8.6

19.4
37.8
10.1

4.3
4.7
1.8

16.8
23.9
7.2

82.2
49.5
25.3
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Ground Motion Estimation For The Central U. S.

14-08-0001-G2142

Robert B. Herrmann
Department of Earth and Atmospheric Sciences

Saint Louis University
3507 Laclede Avenue
St. Louis, MO 63103

(314) 658-3131

Investigations
The purpose of this effort is to improve strong ground motion prediction 

methodology for the central United States. Current techniques rely on early 
and dated work by Nuttli and Herrmann or random process theory tech­ 
niques which do not take into account the effects of local structure, especially 
for sites in the Mississippi Embayment.

To address this need a combined observational and ground motion 
modeling technique will be used to compensate for the lack of strong motion 
data from more than a few moderate earthquakes. The forward modeling 
techniques will attempt to estimate the size of the large New Madrid earth­ 
quakes by asking questions such as "What would be the ground motions out 
to 300 km if the Loma Prieta earthquake occurred at New Madrid?" This can 
be done by taking the inverted distribution of slip on the Loma Prieta fault 
and letting it occur on a buried fault at New Madrid.
Results

Modeling techniques require good propagational earth models. An initial 
attempt at improving such models is seen in the report of the "Regional 
Microearthquake Network in the Central Mississippi Valley" in this volume. 
The observed filtered seismograms were fit well enough to verify the source 
mechanism, depth and seismic moment. We have begun to build a waveform 
inversion module to attempt to find an earth model that would better fit the 
filtered data and which would also fit the higher frequency content in the 
data. This model will then be used in the forward modeling of ground 
motion.

Initial processing of the May 4, 1991 New Madrid Seismic Zone led to a 
seismic moment of 1.9E+22 dyne-cm by modeling the broadband IRIS CCM 
signal. This moment together with the 3 Hz corner frequency estimated by 
the NCEER/Lamont strong motion data yield a stress drop of 100 bars, and an 
amplification factor of 2.5 by the 600 m thick alluvium near New Madrid. 
Further modeling will lead to a better estimate of the amplification and sedi­ 
ment attenuation. Data from the June 13, 1975 earthquake at the same loca­ 
tion, which seems to have had a stress drop of 20 - 25 bars. The verification 
of a variation in stress drop is a very important task.
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In order to model the strong motion data in the time domain, better 
knowledge of the alluvium velocity model will be necessary. Data acquired 
from the regional seismic network will be used together with refraction data 
obtained from the October, 1991 USGS refraction experiments in the New 
Madrid Seismic Zone.
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Data Processing Section 

9920-02217

Charles R. Hutt 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory

Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

1. IRIS/USGS Data Collection Center. The Incorporated Research 
Institutions for Seismology (IRIS) have designated the Albuquerque 
Seismological Laboratory (ASL) to be the data collection center (DCC) for a 
new global network of digitally recording seismograph stations. The data 
processing system at the ASL continues to be upgraded as new stations are 
added to the network. A new data format has been developed which is 
becoming the international standard for seismic data recording and 
distribution.

2. Data Processing for the Global Digital Seismograph Network. All of the 
data received from the Global Digital Seismograph Network (GDSN) and other 
contributing stations is regularly reviewed, checked for quality, and 
archived at the ASL.

3. Network Volume Program. Data from the GDSN stations and other contrib­ 
uting networks are assembled into network volumes which are distributed to 
regional data centers and other government agencies.

Results

1. IRIS/USGS Data Collection Center. IRIS has developed the instrumen­ 
tation for a network of 50 or more digital recording seismograph stations 
which will be primarily installed by USGS personnel over the next several 
years. All of the data from this network will be forwarded to the DCC 
located at the ASL. As part of this program, IRIS funded much of the new 
hardware required by the DCC to process this large amount of data. A new 
digital format known as the Standard for the Exchange of Earthquake Data 
(SEED) was developed by the USGS in cooperation with both IRIS and the 
Federation of Digital Broadband Seismograph Networks. The SEED format has 
been well received by the seismic community and is rapidly becoming a 
standard for both recording and distributing seismic data around the world. 
All of the digital data archived at the ASL has been transferred to an 
optical jukebox memory system which can automatically select any of 50 
optical platters each of which can store up to 3.2 gigabytes of seismic 
data. At this time 62 platters have been filled with seismic data, all of 
which can be considered to be online and available for immediate recall. 
The optical memory system has just been upgraded to double density, and each 
platter will now store up to 6.4 gigabytes of data.
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2. Data Processing for the Global Digital Seismograph Network. During the 
past 6 months, approximately 20 gigabytes of digital data from the GDSN and 
other contributing stations were edited, checked for quality, corrected when 
feasible and archived at the ASL. The Global Digital Seismograph Network 
supported by the USGS consists of eight SRO/ASRO stations, 10 DWWSSN 
stations and six IRIS-2 stations. The contributing stations include five 
from the China Digital Seismograph Network (CDSN), five IRIS-1 stations, six 
stations from the Terrascope Network in Southern California, and 13 IRIS/IDA 
stations, five of which are located in the Soviet Union. Data from all 
stations in the IRIS/IDA network are temporarily on hold due to software 
problems in the conversion from station format to SEED format. All data 
from the IRIS/IDA stations, which was previously distributed in SEED format, 
may contain erroneous data and should be considered suspect. Data from the 
13 IRIS/IDA stations should start arriving at the ASL in October/November 
1991.

3. Network Volume Program. The network volume program is a continuing 
program which assembles all of the data recorded by the Global Digital 
Seismograph Network, plus all the various contributing stations mentioned in 
the previous paragraph, for a specific calendar day or days onto one 
magnetic tape. This tape includes all the necessary station parameters, 
calibration data, transfer functions, and time-correction information for
each station in the network. All of the data 
recorded in the new SEED format and copies ar

in these network volumes are 
B distributed to IRIS and to

several university and government research groups for detailed analysis and 
further distribution. These tapes are assembled approximately 60 days after 
real time in order to provide a sufficient time frame for recording the data
at the stations, forwarding this data to the 
the DCC. The amount of data produced by the 
varies from 90 to 130 megabytes.

HSL and processing the data at 
various networks each day
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SITE CHARACTERIZATION FOR 
EARTHQUAKE ENGINEERING STUDIES

9910-02413

Hsi-Ping Liu 
Branch of Engineering Seismology and Geology

U. S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5643

Investigations

Three-dimensional characteristics of site amplification in the Marina District of San 
Francisco. With artificial fill and a thick section of sand and clay covering a northwest- 
trending valley in the bedrock, the Marina District of San Francisco, California suffered 
extensive damage during the October, 17, 1989 Loma Prieta earthquake. Following the 
earthquake, the U.S. Geological Survey drilled a hole at Winfield Scott School at Beach and 
Divisadero Streets; the borehole intersects bedrock surface at 79.5-m depth. Two three- 
component seismometers, one in bedrock at 88-m depth and one located at the surface, have 
been installed at the site; each seismometer consists of one vertical and two orthogonally- 
oriented horizontal geophones having a natural period of 0.5 s. By comparing seismograms 
recorded below the bedrock with those recorded at the surface, the purpose is to study 
three-dimensional characteristics of site amplification. For example, site amplification 
may be different for ground motion along different directions; the site may also respond 
differently depending on earthquake location.

Results

Between Aug., 1990 and Jan., 1991, more than fifty earthquakes have been recorded 
digitally. Eight among these, ranging in magnitude between 2.8 and 3.6 and occurring 
on Calaveras, Franklin, Greenville and Hay ward faults and on faults parallel and close to 
the San Andreas fault, generated seismograms with high signal-to-noise ratio. Horizontal 
ground-motion amplification, expressed as spectral ratios between ground motions at the 
surface and those in the bedrock, has been calculated for motions in two orthogonal 
directions (along Divisadero and Beach Street) using entire seismograms. Except for 
the lowest-frequency spectral-ratio peak at ~ 1 Hz, frequency of other peaks depends 
on earthquake location. When the earthquakes are divided into two groups, those whose 
epicenters are located east of the San Francisco Bay and those whose epicenters are located 
south of the San Francisco Bay, some spectral-ratio peaks from different earthquakes within 
each group line up with each other. Amplitude of spectral-ratio peaks also show variation 
depending on ground-motin direction and earthquake location. For example, the amplitude 
of the 1-Hz spectral-ratio peak varies from 7.2 to 12.7. Also noteworthy are the observations 
that the two horizontal-component seismograms recorded by each seismometer have similar
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coda amplitude and duration regardless of earthquake location, and that particle-motion 
polarization becomes complex shortly after the P-wave and S-wave onset. These results 
indicate that site amplification in the Marina District is three-dimensional up to a length 
scale on the order of the 1-Hz shear-wave wavelength (~ 300 m) in sedimentary deposits.
The surf ace-downhole spectral ratio therefore provid ;s only partial information on how
ground motions are amplified by sedimentary deposits. If we choose to use this ratio 
for earthquake engineering applications, the ratios from the eight earthquakes give an 
indication of the variation in spectral ratio to be expected from earthquakes on various 
bay-area faults.

Reports

Liu, H.-P., Warrick, R. E., Westerlund, R. E., Sembera, E. D., and Wennerberg, L., 1991, 
Ground-motion amplification by sediment from small earthquakes (M < 3.6) in the 
Marina District of San Francisco, in Proceedings, Fourth International Conference on 
Seismic Zonation, II, 303-310.

Liu, H.-P., Warrick, R. E., Westerlund, R. E., Senibera, E. D., and Wennerberg, L., 
1991, Observation of local site effects at a downhole-and-surf ace station in the 
Marina District of San Francisco, submitted to Bulletin of the Seismological Society 
of America.
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ROCK MECHANICS

9960-01179

D. Lockner, J. Byerlee, M. Blanpied, S. Hickman, D. Moore,
C. Morrow, R. Summers

Branch of Tectonophysics
U.S. Geological Survey

345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4826

D. Castillo, D. Moos, L. Vernik, M. Zoback
Stanford University 

Stanford, California 94305

C. Marone
University of California, Berkeley 

Berkeley, California 94720

Investigations

Laboratory experiments are being carried out to study the physical properties of 
rocks at elevated confining pressure, pore pressure and temperature. The goal is to obtain 
data that will help us to determine what causes earthquakes and whether we can predict 
or control them. The relevant investigations cover a broad range of conditions. Stick- 
slip instabilities, which are the laboratory counterpart to earthquakes, are studied to 
understand both the dynamics of rupture and the processes leading to fault instability. 
Additional studies of permeability and chemical reactions that can occur in the crust 
at seismogenic depths are conducted to understand the larger crustal system that loads 
earthquake-prone faults. Investigations are also underway to study conditions of borehole 
stability to aid in the interpretation of field data related to crustal stress measurements.

Results

Fault Strength at Hydrothemnal Conditions

The velocity dependence of rock friction is important in determining the stability of 
fault slip. We are continuing our studies of the velocity dependence of rock friction under 
combined conditions of (1) elevated temperature, (2) high fluid pressure and (3) high 
confining pressure. Recent experiments have shown that the combination of these three 
variables results in frictional behavior that is significantly different than the effects of 
any single or pair of these variables. Since all three of these conditions are expected
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to be present at hypocentral depths, we believe that these results will have important 
implications for our understanding of earthquake processes.

We have performed a suite of rate-stepping tests ofi sawcut samples of Westerly granite 
in triaxial shear at a range of temperatures (T = 23° -600°), fluid pressures (P//2 o = 0 to 
100 MPa) and slip rates (0.01 - 5/xm/s). Sliding surfaces contained 0.5 mm of crushed 
granite "gouge". Effective normal stress was 400 M°a in most tests. Our results show 
that frictional coefficient p,(= r/crf/f) is sensitive to T, P//2 o and slip rate only above 
250°. Dried samples show high strength (p, = 0.7 to 0.8) regardless of slip rate, but the 
addition of 100 MPa H%O above about 300°lowers strength dramatically. For example, at 
600° and 0.1 /xm/s (3 m/year), /x = 0.5. Samples deformed at the highest temperatures 
show evidence of active transport of materials in solution: SEM examination of sliding 
surfaces reveals the growth of new crystals (probably phyllosilicates). In some tests the 
country rock became sealed, presumably by the precipitation of silica. We infer that a fluid- 
aided diffusive deformation mechanism is activated in samples deformed at hydrothermal 
conditions, and operates simultaneously with cataclastic flow. These results suggest that 
fluid-assisted mechanisms may cause weakening of rocks at mid-crustal depths, even in the 
absence of dislocation glide. The lack of well-defined flow laws and knowledge of in situ 
fluid pressures inhibits the accurate extrapolation of these laboratory results to natural 
fault zones. However T> 300° appears to be necessary to reduce the friction of granite 
below that predicted by the relation of Byerlee (1978). Assuming a geothermal gradient of 
20 to 30°C/km, weakening is constrained to depths in excess of 10-15 km, which is below 
the depth of seismicity on strike-slip faults. In addition, deformation at these conditions 
is rate-strengthening, favoring aseismic creep over stick-slip instability. Therefore, these 
processes cannot be invoked to explain weakening at seismogenic depths, but fluid-assisted 
deformation plays an important role in the loading of the seismogenic zone from below.

Fault slip at hypocentral depths occurs at hydrothermal conditions, i.e., at elevated 
temperature and elevated aqueous pore fluid pressure. To determine the friction 
constitutive behavior of faults at these conditions, we have performed rate-stepping tests on 
sawcut cylinders of Westerly granite in triaxial shear &t a range of temperatures (T = 23°- 
600°), fluid pressures (P//2o = 0 and 100 MPa) a]jid slip rates (V = 0.01 - 5 /jrn/s). 
Surfaces were roughened with #240 SiC and contained 0.5 mm of crushed granite "gouge". 
Effective normal stress was 400 MPa. Tests at P//2o =*= 0 ("dried") show a modest increase 
in friction, n, with increasing T, and a low sensitivity of p, to slip rate. In contrast, 
tests at P//2 o = 100 MPa ("wet") and T > ~350° show a marked reduction in n with 
increasing T, and a strong, positive rate dependence expressed as a protracted evolution of 
strength following steps in slip rate. The mechanical results, along with test conditions and 
SEM observations, suggest the activation of a fluid-aided diffusive deformation mechanism 
above ~250° in tests with H%O. To obtain friction constitutive parameters, we used a 
least-squares inversion to fit the response of friction to rate steps with the Dieterich-Ruina 
rate- and state-variable constitutive law. One or two state variables were used to represent
slip history effects. We fixed values for stiffness and steady state velocity dependence a 
b (= dn/dlnV) at their measured values, and solved for parameters a and b;, and for 
characteristic displacements Dci(i = 1,2). Data front both dry and wet tests below 250°
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are adequately modeled using a single state variable, with a = 0.004 to 0.010, b =  .002 
to 0.010 and Dc = 10 to 50 /xm. Dried tests above 250° can also be fit with one state 
variable. In contrast, wet tests above 350° require a second state variable with large, 
negative amplitude (b2 =  0.02 to  0.20) and long characteristic displacement (DC2   100 
to 350 /xm). The dramatic change in constitutive parameters at hydrothermal conditions 
supports our interpretation of a fluid-aided mechanism. This mechanism stabilizes slip by 
inducing rate strengthening and protracted strength transients. We are currently testing 
alternative constitutive laws that more realistically reflect the roles of temperature and 
pore fluids in fault slip.

Sealing, Overpressure and Instability of Deep Faults

Near-lithostatic fluid pressure has been invoked to explain both the low apparent shear 
strength of some mature faults, and the occurrence of deep earthquakes at convergent 
plate margins. New experiments on the sliding of faults in granite show that a low- 
permeability seal can quickly form at hydrothermal conditions (elevated T and Ptf2o), 
trapping pore fluids within a porous fault zone. Collapse of porosity as the material is 
sheared can lead to overpressure and low effective stress, and may provide a mechanism 
for nucleating earthquakes. Cylinders of Westerly granite contained a 30° sawcut, a 
0.5 mm layer of "gouge" (granite powder) and a blind hole to admit pore fluid. Samples 
were shortened at a rate of 0.9 /xm/s at 600°C, Pc = 400 MPa and PH2o = 100 MPa. 
Upon the initiation of shearing (at /x = T/&?/* ^ 0-42, the strength abruptly fell to 
/z « 0.2. Imposed steps in Pn2 o had no effect on shear stress, showing that the 3 mm of 
intact granite between the gouge and the pore fluid hole had become completely sealed, 
isolating the deforming fault from the pore pressure actuator. In parallel tests without this 
zone of intact granite between the pore fluid hole and the fault gouge, the strength was 
higher (/z = 0.5) and obeyed the effective stress law. Assuming that the true friction 
coefficient within the isolated fault was 0.5, the trapped fluid pressure in the sealed 
sample was about 300 MPa. Presumably, during the time before shearing commences, 
static compaction of the heated gouge causes dissolved silica to precipitate in the gouge 
and nearby country rock, sealing the fluid pathways. Once a seal has formed, continued 
deformation and the accompanying porosity loss increases the fluid pressure and reduces 
the strength. It is likely that, under proper conditions, the strength loss could occur rapidly 
enough to result in instability. Subduction-zone earthquakes occur at depths too great 
for "normal" earthquake nucleation, if hydrostatic fluid pressure is assumed. However, 
solution-transport in the subducting crust may erect pressure seals, allowing water-laden, 
porous sediments to be subducted to great depths while maintaining relatively low effective 
stress. Subsequent collapse of porosity could nucleate earthquakes.

Acoustic Emission and Controlled Fault Growth

Intact samples of granite and sandstone have been deformed to failure at 50 MPa 
confining pressure. In these experiments, the acoustic emission (AE) rate was used to 
control deviatoric stress on the sample. As a result, fault growth, which normally would 
occur unstably in a fraction of a second, was stabilized and extended to a matter of minutes 
and even hours. In addition, amplitude and arrival times of AE signals were recorded on a
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network of transducers. Inversion of the arrival time data allowed for the three-dimensional 
location of AE events during initial loading, fault nucleation and growth stages in each 
experiment. Fault nucleation occurred abruptly and after peak strength in all granite
experiments, showing no obvious clustering or change in AE patterns prior to nucleation.
However, statistical analysis of AE locations and amplitudes showed systematic changes in 
b-value and geometric parameters (in part related to fractal dimension) between peak stress 
and nucleation. These changes suggest that micro era,eking first began to organize in the 
granite samples near peak stress, a result that is consistent with bifurcation theory. Similar 
trends were observed in the sandstone experiments, although, in that case, clustering on 
AE events occurred early in the loading cycle. We interpret this early clustering in the 
sandstone samples as resulting from pre-existing strength heterogeneities.

We are studying the evolution of microcracking associated with the generation of a 
shear fracture in Westerly granite, using image-analysis computer techniques. Preliminary 
work has concentrated on the influence of mineralogy on crack density and orientation. In 
the starting material, roughly two-thirds of the microcracks follow grain boundaries; 90% 
of quartz-quartz boundaries are cracked, along with 75% of quartz-feldspar and nearly 
50% of feldspar-feldspar boundaries. Quartz also contains about 4 times the length of 
intragranular cracks per unit area as either feldspar. The intragranular cracks in the 
starting material have no obvious preferred orientation. The laboratory sample studied 
is a cylinder 7.8 cm in diameter and 19.5 cm long; a shear fracture propagated halfway 
across the sample during an acoustic emission experiment at 50 MPa confining pressure. 
The granite located about 20 mm in front of the fracture tip (far field) contains about twice 
the length of microcracks per unit area as the starting material. The increase is derived 
principally from newly generated intragranular cracks, approximately half of which are 
oriented within 30° of the loading direction. Quartz remains the predominant cracked 
mineral, with 2-3 times the length of cracks per unit area as either feldspar. The granite 
2-4 mm in front of the fracture tip (near field) contains about twice the total length of 
cracks per unit area as the far-field region. The increase again is derived principally from 
new intragranular and intergranular cracks, 80-90% of which are oriented within 30° of the 
loading direction. Plagioclase and K-feldspar in the near-field region exhibit the greatest 
proportional increases in microcracking, to the extent that quartz contains only about 30% 
more crack length per unit area than feldspar. No particular concentration of microcracks 
around biotite was observed. Thus, as the fracture tip is approached, microcracking tends 
to fill in the rock volume independent of mineralogy.

Matrix Permeability of Samples From Kola Superdeep Well

Room temperature, steady-state-flow measurements of permeability were conducted 
on intact core samples of granodiorite collected from a surface outcrop and at depths of 
7.0 and 11.6 km from the Kola superdeep well, USSR. These experiments are intended 
to determine the pressure sensitivity of permeability for from three different depths, and 
assess the effects of stress relief cracking on matrix permeabilities inferred from deep core 
samples. Pore pressure, supplied by distilled water,! was fixed at the estimated in situ 
fluid pressure appropriate for each sample, assuming a normal hydrostatic gradient and a 
fluid density of 1.0 g/cc. Confining pressure was then varied to produce effective pressures
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(Pe = Pc   Pp of 10 to 300 MPa. The permeability of the surface sample displayed 
a pressure sensitivity typical of other granitic surface rocks such as Westerly or Bane 
granites, with values decreasing from around 10~ 18m2 to 10~21 m2 with increasing pressure. 
In contrast, the permeability of the deep samples decreased from 10~ 18m2 to 10~23m2 
over the same pressure range. While petrographic observations suggest that some of this 
pressure dependence may be the result of favorably-oriented natural microcracks, it is also 
apparent that stress relief cracks produced during core retrieval contributed to the strong 
pressure dependence observed in the deep samples. By applying the Equivalent Channel 
Model of Walsh and Brace (1984) to these data, we can estimate the closure pressure of 
the stress relief cracks, and thereby place realistic bounds on the in situ effective pressure 
and matrix permeability.

Strength of Deep-Ocean Basalts

Uniaxial compressive strength measurements performed on basalt samples from 
ODP Hole 765D (Leg 123) in conjunction with televiewer observations of stress-induced 
wellbore breakouts from the same hole are used to constrain stress magnitudes for 
the Indo-Australian plate south of Java. Because wellbore breakouts develop when 
the circumferential compressive stress concentration around the borehole exceeds the 
compressive strength of the host rock, estimates of in situ stress magnitudes can be made 
providing breakouts have developed. Three breakout intervals have been identified at 
Site 765 (Castillo and O'Neill, ODP Scientific Results, v. 123, in press) from which basalt 
samples both inside and outside the intervals were tested. Strain-rates of ~10~5 /sec were 
applied on 0.75" diameter samples with aspect ratios of ~2.5. Compressive failure occurred 
when strains reached ~1% with peak stresses in the 60-120 MPa range. Preliminary results 
indicate that the breakouts occurred within intervals where the compressive strength 
of the basalt was less than 60-80 MPa. In areas where the rock strength exceeded 
~80 MPa, the borehole was void of breakouts. Based on frictional faulting theory and these 
compressive strength results, the Indo-Australian plate at Site 765 appears to be in a state 
of compression where the relative stress magnitudes are such that Si > 82 = Sv > 83. 
Further constraints on absolute stress magnitudes will be made as additional samples are 
tested.

Strength Anisotropy of Samples From KTB Well

We have investigated the effects of anisotropy and dilatancy-induced permeability 
enhancement on mechanical response of a variety of high-grade metamorphic rocks 
from the KTB pilot-hole. One of the major goals of this study is to refine the 
method of the estimation of in situ stress orientation and magnitude using wellbore 
breakouts. Mechanical anisotropy was calculated using triaxial dry strength measurements 
at confining pressure from 5 to 75 MPa on 25.4 mm-in-diameter cylinders cut normal and 
at an angle of 30° to foliation primarily defined by strong metamorphic fabric parallel 
to compositional banding of various gneisses and amphibolites. Despite well developed 
preferred orientation of (001) mica planes and crystallographic c-axis of hornblend in 
the majority of rocks studied, a strong mechanical anisotropy averaging 43% was found 
only in gneisses with higher mica content and specific fabric characterized by mm-thick
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anastomosing mica seams separated by lenticular Q-Fsp segregations. Strength anisotropy 
of other gneisses and amphibolites was from 5 to 9%. To simulate the conditions of rock 
deformation leading to the formation of breakouts at the wellbore wall at a depth of 
3.5 km, we subsequently carried out a set of 35 MPa experiments in which a rock sample 
was shortened to about 50% of its ultimate fracture strength and then supplied with water 
pressurized at 34.5 MPa through the upper piston. The displacement was then servo- 
controlled constant and the loading stress was monitored in time. If no significant stress 
drop was observed within several hours, the piston was advanced in steps equal to 3% of 
the utlimate strength. It turned out that these step-ups (to 59% of the ultimate strength) 
were needed only in the case of highly anisotropic gneisses shortened at 30° to foliation 
suggesting a delayed dilatancy in this configuration. All other experiments resulted in 
rock failure after 4 to 72 hours, suggesting considerable dilatancy-weakening of originally 
practically impermeable matrix of crystalline rocks in situ. These results confirm previous 
analysis of Vernik and Zoback (1991) of the mechanism of breakout formation and have 
strong implications for the estimates of tectonic stress magnitude at depth.
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Technical Report

ABSTRACT
The unresolved seismicity of western Oregon requires that 

innovative relative hazard mapping techniques be developed. The 
earthquake source data is not yet sufficiently complete for 
traditional probabilistic hazard mapping. However relevant 
geotechnical data relating to ground failure and ground response 
can be readily collected immediately. This information will 
provide planners and designers information to immediately focus 
risk reduction efforts on areas with the greatest potential 
hazard. Such a relative hazard map would provide the starting 
point and data set for more traditional probabilistic hazard maps 
if and when the seismicity is properly characterized.

The Oregon Department of Geology and Mineral Industries 
(DOGAMI) has already mapped the near surface geology and has 
collected or is currently involved in Collecting, in cooperation 
with Dr. T. Leslie Youd at Brighajn Young University/ the 
geotechnical data required for assessing ground failure 
susceptibility in the Portland area and has assembled the 
equipment and personnel to begin collecting shear-wave velocity 
data. Measuring shear-wave velocities of the near surface 
materials in the Portland area will provide the additional data
required to allow the ground response due to the near surface
material to be computed and characterized. This susceptibility 
and ground response data can then be combined into a hazard map 
which would characterize the relative results of earthquake 
ground-shaking in different areas.

DOGAMI would then present this relative hazard map to
planners and designers in a workshop 
them to implement ordinances/ zoning 
engineering designs which consider the

setting(s) and work with 
and land use plans/ and 
relative levels of hazard

described by the map. This methodology would also be available 
to be applied in other areas of poorly parameterized seismicity.
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Investigations

1. Seismic data recorded locally, both on the surface and underground, are analyzed 
and modeled to gain insight into the seismic source process, especially with regard 
to source scaling.

2. Following the October 1989 Loma Prieta earthquake a four-station network of GEOS 
digital event recorders was operated at the San Francisco International Airport 
(SFO) to determine the response of various sites there to strong ground motion, 
especially that of the Loma Prieta mainshock.

Results

1. Much of the effort during FY91 involved the analysis of ground motion from induced 
earthquakes because such events can provide much more tightly constrained insights 
compared to those stemming from studies of natural events. Studies of induced 
earthquakes, for instance, suggest that the commonly measured seismic source para­ 
meter, stress drop, may bear little resemblance to actual stress changes taking place 
across the causative fault at the time of an earthquake, whereas in the laboratory one 
can measure the stress drops of strick-slip events directly, for natural earthquakes 
such estimates rely heavily on the nature of the assumed model, which usually in­ 
volves a homogeneous stress drop across a crack. In contrast, for at least certain 
types of induced earthquakes, the causative forces are known and, thus, one can 
analyze the relationship between these forces and the resulting seismic deformation 
to estimate the stress drop directly. For example, if the 1983 Coalinga, California, 
earthquake was a consequence of oil production, as proposed by McGarr (1991), 
then the relationship between production and seismic deformation can be used to 
demonstrate that the actual stress drop was only a fraction of one bar, in contrast to 
more traditional estimates of the order of 100 bars for the same event (McGarr, 
1991). This substantial discrepancy provides cause for concern that estimates of 
stress drop based on assumed crack models generally may have very little veracity.
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2. Final revisions were made for the report describing ground motion from aftershocks 
and the mainshock at San Francisco International Airport (SFO) and other selected 
sites along the San Francisco Peninsula (McGarr et at., 1991). In addition to the key 
conclusions reported previously, one result that became clear in the latter stages of 
the analysis involves an apparent absence of nonlinearity in site response. 
Specifically, even though the aftershocks investigated here were smaller than the 
mainshock by more than four orders of magnitude, their ground motion could be 
used quite effectively to predict the changes in strong ground motion amplitude of 
the mainshock from one site to another.
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Investigations

The objective of this new project is to investigate the influence of geologic structure on 
seismic ground motions in urban Southern California. We take a multi-disciplinary, multi- 
scale approach to the ground-motion problem, combining high-quality seismic waveform 
data, collected over a wide range of amplitudes ai^d typical Southern California site 
conditions, with geological and geotechnical data.

The 1985 Michoacan and 1989 Loma Prieta earthquakes have reinforced well-known quali­ 
tative correlations between shaking and basin geometry and site geology, but the magnitude
and predictability of site effects remains controversial
predict strong shaking?). A consensus now exists among seismologists and engineers that we 
must acquire the fundamental data that are needed to answer these questions and 
incorporate the results into engineering practice.

An array of eight wide-band, high-resolution (24-bit) c igital seismographs will be installed
in the Whittier-Norwalk and San Bernardino areas: six
six-channel borehole/surface units. The array is designed to provide data on the influence 
of geologic structure on ground-motion at scales from tens of kilometers (the Whittier-
Norwalk array will extend from near the top of the Ely:

(e.g., can low-strain data be used to

three-channel surface units and two

ian Park antiform to near the deep­
est part of the Los Angeles basin) to tens of meters (borehole/surface sensors will be 
installed at the top and bottom of 300' boreholes at sites in Norwalk and San Bernardino 
where near-surface sediments are expected to respond nonlinearly during strong shaking). 
It will also provide a new real-time strong-motion monitoring capability in these populous 
areas.
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Results

During the reporting period, we completed the permitting of array sites at Cerritos College 
in Norwalk (two surface units and one borehole/surface unit in a short-baseline three- 
dimensional subarray), Los Alisos School in Norwalk (surface unit), St. Paul's School in 
Santa Fe Springs (surface unit), Lincoln School in Whittier (surface unit), Hoover School 
in Whittier (surface unit), and Central Fire Station in San Bernardino (borehole/surface 
unit). 100' boreholes for vertical seismic profiling were drilled, sampled, and cased at the 
surface-unit sites. See the report by J. Tinsley in this volume for more information about the 
geotechnical work.

During the site-selection process we recorded several small earthquakes on portable, digital 
seismographs installed temporarily at some of the Whittier-Norwalk sites. Seismograms from 
a Sierra Madre earthquake aftershock on 7/6/91 (187 22:54 UTC, magnitude = 4.0, average 
distance to array = 35 km) and an unrelated Palm Desert earthquake on 7/9/91 (190 09:06 
UTC, magnitude = 3.4, average distance to array = 165 km) are plotted in Figures 1 and 
2, respectively. In addition to the viability of making high-quality recordings of small ground 
motions, note the different ground motions at nearby sites HOO and WLB in Whittier. This 
difference seems to be consistent, at least qualitatively, with a preliminary interpretation of 
the geotechnical data.

Reports 
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Figure 1. Three-component velocity seismograms from a Sierra Madre earthquake 
aftershock on 7/6/91 (187 22:54 UTC, magnitude = 4.0, average distance to array = 35 km) 
recorded at Lincoln School in Whittier (WLB), Hoover School in Whittier (HOO), St. 
Paul' s School in Santa Fe Springs (STP), Los Alisos School in Norwalk (EXC), and Cerritos 
College in Norwalk (CER).
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Figure 2. Three-component velocity seismograms from a Palm Desert earthquake on 7/9/91 
(190 09:06 UTC, magnitude = 3.4, average distance to array = 165 km) recorded at Hoover 
School in Whittier (HOO), St. Paul' s School in Santa Fe Springs (STP), Lincoln School in 
Whittier (WLB), and Los Alisos School in Norwalk (EXC).
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Purpose 

The work performed this year is an extension of work completed the previous year.

The purpose of the first year's work was to examine potential for state-level seismic 
hazard mitigation policies in the seven member states of the Central United States 
Earthquake Consortium (CUSEC). The seven states are: Arkansas, Illinois, Indiana, 
Kentucky, Mississippi, Missouri, and Tennessee. The work has aimed at (1) identifying 
existing state-level seismic mitigation programs, (2) discovering general trends in the 
seven states regarding potential for seismic hazard mitigation programs, and (3) 
identifying potentially effective and feasible policy directions for implementing seismic 
hazard mitigation.

The first year's research focused on the following questions:

1. What is the current role of each state in seismic hazard
mitigation? How might existing laws b$ used to implement seismic 
hazard mitigation policies?

2. What are the unique aspects of seismic hazard in each state, 
requiring customized policy approaches? Liquefaction zones? 
Unstable river bluffs? Large, economically-significant ports? 
Important historic resources?

3. Within the existing legal and governmental framework, what is the 
potential future role of specific state agencies in implementing 
seismic hazard policy? What agencies are best-equipped to 
implement seismic hazard policy?

4. What new legislative or policy efforts rfiight be fruitful? Is the 
state ripe for a new type of program of agency?

The purpose of the research was to identify specific action-oriented policies and
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programs that states can establish for implementation of seismic hazard mitigation.

The purpose of the second year's work is to apply the conclusions of the first year's 
research. Specifically, the objective is to prepare model state legislation, model local 
ordinances, and a model seismic hazard mitigation plan that can be used effectively by 
states and communities in the Midwest. These products will be developed in close 
consultation with selected reviewers from appropriate agencies in the seven CUSEC 
states. They will then be distributed through CUSEC as well as relevant state agencies.

Work Completed-First Year

During the first year, the following documents were collected from each of the seven 
states: emergency preparedness acts, planning enabling acts, building code legislation, 
seismic mitigation work plans, public information documents relating to earthquakes, 
agency program statements, proposed legislation, and a variety of technical and policy 
reports.

For each state, we identified individuals in the following categories:

Earthquake Program Manager (Emergency or Disaster Agency)
State Geologist or designee
Building Code Administrator
Architect/engineer in charge of design of state buildings
Engineer in charge of dam safety program
Engineer in charge of highway bridge and embankment design
Prominent professional planners
Other individuals identified as being active advocates of seismic

mitigation (such as University professors in engineering or geology)

Fifty-nine comprehensive interviews have been conducted, 37 of them in person. These 
encompass 30 different state agencies in the seven states, as well as six universities, 
several local agencies, and professional associations. Thirteen key planning professionals 
in the seven states also have been interviewed.

We identified exemplary programs in each state, and concluded that the following types 
of programs can feasibly be used in the Central U.S. to mitigate seismic hazards: (1) 
Seismic building codes for new construction, (2) Seismic Advisory Councils, (3) Tax 
incentives for seismic rehabilitation, (4) Seismic codes for new schools, hospitals, fire and 
police stations and utilities, (5) Requirements for long-term identification and mitigation 
of existing hazards in critical facilities, (6) Seismic standards for state-owned structures, 
(7) Geologic mapping to identify potential ground failure hazard areas, (8) Programs to 
encourage non-structural mitigation, (9) Cooperation with historic preservation agencies, 
(10) Education programs for design professionals, and (11) Model local seismic 
mitigation plans and guidelines for local officials.
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Proposed Products During Second Year

Based on the results of the first year's research, we hfrve begun to produce a series of 
manuals for the initiation and adoption of new statewide programs for seismic hazard 
mitigation. The intended readers are state officials and legislators with no technical 
background in seismic issues. Each manual will need to convincingly sell its proposed 
program, and each will need to provide sufficient guidance and model language for the 
initiation of the program. Each will be five to ten pages long, with a visually appealing 
format, with maximum use of graphic communication. The generalized format will be:

History, function, purpose
Effectiveness, rationale for this type of program
Examples from other states
Outline of chief elements of a program
Appendix: precise language, specific examples

The manuals will address the following:

1. Building codes. Kentucky, Indiana, Tennessee, Arkansas, and Missouri currently 
have statewide seismic design requirements, of varying scope; Illinois and 
Mississippi do not. Specific standards and implementation mechanisms vary 
among the states. This manual will be more detailed than the others, due to a 
supplemental grant from CUSEC.

2. Advisory Councils. Kentucky, Arkansas, and Indiana have good models of
councils that have improved inter-agency cooperation and increased earthquake 
awareness throughout their state governments.

3. Financial incentives for rehabilitation. There are no good examples in the
Central U.S. This manual will use examples from California, and will summarize 
results of others' research on the cost-effectiveness of rehabilitation.

4. Seismic Codes for critical facilities. This would be an alternative approach for 
states not wanting to adopt statewide codes fo^ all structures.

5. Long-term identification and mitigation of existing hazards. The purpose is to 
outline a program for identifying hazardous structures and developing priorities 
for repair. Such a program would have a very long-term view. We will focus on 
both technical and administrative aspects. No such programs exist in the Central 
U.S., although CUSEC is sponsoring research to evaluate the feasibility of hazard 
identification methods.

6. Seismic Standards for state-owned structures.
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alternative to a statewide code for all buildings. Illinois has such a program, as 
does the federal government. For existing structures, we will focus on critical 
facilities, particularly highway bridges and dams. All the states have seismic 
standards for new dams, but not for retrofit of existing dams. Kentucky and 
Illinois have begun highway bridge inventory and retrofit programs.

7. Geologic mapping to identify potential ground failure areas. We will outline a 
complete program, since none exist in the Central U.S. Indiana has initiated basic 
research on site response characteristics, preparatory to a seismic zonation 
program. The geological surveys of Illinois, Missouri, and Kentucky have 
proposed such programs. We will also use the new California program as a 
model.

8. Programs to encourage non-structural mitigation. CUSEC has been emphasizing 
this area, and Arkansas and Illinois have very active programs to promote non- 
structural mitigation in the schools. We will present examples of programs and 
identity typical non-structural hazards.

9. Historic preservation guidelines. There are no state activities addressing seismic 
hazards to historic structures. We will outline how emergency management and 
historic preservation agencies might cooperate to develop (1) retrofit priorities, 
and (2) guidelines for post-earthquake demolition decisions.

10. Education programs for design professionals. We will review professional
licensing practices and outline the purposes and functions of continuing education 
programs. Kentucky and Illinois have initiated limited training programs in 
seismic design for construction and design professionals.

11. Model local seismic mitigation plan. This will be a larger document (20 to 40 
pages), and will make use of all of the above documents. The purpose of this is 
to be a model of what a local seismic mitigation plan might look like. Ideally, it 
should be part of the comprehensive plan. As models we will use plans from 
California and the Tennessee hazard mitigation plan.
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INVESTIGATIONS UNDERTAKEN

As shown in Figure 1, there were four principal areas of soil liquefaction in San 
Francisco in 1906 and 1989. Reliquefaction during the 1989 Loma Prieta earthquake in the 
same locations as in 1906 has critical implications for hazard mitigation in the City of San 
Francisco and, at the same time, provides an excellent opportunity to improve our modeling 
and prediction capabilities for the types of ground failure and deformation patterns caused 
by liquefaction. The problems of liquefaction are particularly acute for San Francisco 
because ground deformation triggered by this phenomenon ruptured water mains in 1906 
and 1989, resulting in the loss of water in major portions of the pipeline network after both 
earthquakes. This water loss contributed to the spread of fire with catastrophic 
consequences in 1906 and near catastrophic consequences in 1989.

Two areas require attention to establish a balanced and comprehensive picture of soil 
liquefaction and site response hazards in San Francisco. They are the South of Market and 
Mission Creek areas (Fig. 1). Currently, there is a substantial gap in knowledge and site 
information for South of Market and Mission Creek. This gap leaves important questions 
unanswered regarding future seismic performance, and provides a unique opportunity for 
a comparative analysis and evaluation of the four principal areas of liquefaction in San 
Francisco. There is exceptionally good historic documentation of the liquefaction effects in 
1906 that can be used in conjunction with detailed observations and measurements in 1989. 
Of great importance is the fact that these are urban sites and thus show the interaction 
between ground failure and infrastructure response, especially that of lifeline systems.

South of Market

Figure 2 shows a plan view of the South of Market area developed by O'Rourke and 
Lane (1989), on which are superimposed surface displacements documented by written 
accounts and photographic records of the 1906 earthquake. Also shown in Figure 2 is the 
location of subsurface investigations which were performed for this project.

The South of Market area is the site of the old
once was contiguous with two small tidal streams. The figure shows the outline of the 
former marsh and of the original shore line of Mission Bay to the south of Brannan Street. 
The ground displacements in the South of Market area all fall within the boundary of this

Sullivan Marsh, a tidal marsh which
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Figure 1. Principal Areas of Soil Liquefaction in San Francisco in 1906 and 1989.
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Figure 2. Plan View of the South of Market Area with 1906 Liquefaction-Induced 
Ground Deformation

former salt marsh. The area was filled during the years between 1850 and 1860, 
predominantly with material excavated from the nearby sand dunes.

After the 1989 Loma Prieta earthquake, there was much evidence of soil liquefaction 
and ground movements. South of Mission St., sand boils were observed along curb and 
building lines at various locations on 7th, 6th, Natoma, Russ, Moss, Clara, Bluxome, and 
Townsend Sts. From Mission to Folsom St., 10 to 30-mm-wide cracks were observed down 
the centerlme of 7th St., with differential settlement to the east and west of the cracks. The 
most serious damage to the water supply of San Francisco was a break of a 300-mm- 
diameter cast iron main on 7th St. between Mission and Howard Sts. Water flow through 
this break, supplemented by losses at broken hydrants, emptied the Jones St. Tank of its 
entire storage of 2.8 million liters in approximately 30 minutes. Loss of this reservoir supply 
led to the loss of water and pressure throughout the lower zone of the Auxiliary Water 
Supply System (AWSS). The AWSS provides water for fire protection in San Francisco.

Investigations at this site were performed as an integrated program of CPT soundings 
and boreholes with SPT measurements to provide complimentary, yet independent,
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assessments of subsurface conditions. The CPT soundings allowed for continuous and 
detailed assessment of soil lenses and variations of in-situ sand density. The conventional 
boreholes provided SPT measurements, piston tube sampling of Recent Bay Mud, and split 
spoon samples of sands and clays for classification testing. The SPT measurements were 
performed in the fills on a 1.2-m interval. In addition, down-hole shear wave velocity 
measurements were made to establish a vertical profile of in-situ shear wave modulus for 
dynamic evaluation of the sites. The depth to the water table was established in the fill.

Mission Creek

Figure 3 is a map of ground movements developed by O'Rourke and Lane (1989) 
which occurred during the 1906 earthquake superimposed on the original topography in the 
Mission Creek area. There is a close relationship between the original topography and the 
direction and distribution of soil displacements. Even relatively small topographical 
features, such as the ravine underlying 19th St. between Guerrero and Valencia Sts., 
influenced ground deformation. At this location, soil movements were canalized by the 
course of the buried creek. The direction of lateral spreading changed through 90 degrees, 
from a northerly direction on 19th St. to an easterly direction near Valencia St.

The most severe distortions occurred in areas where the former ravines narrowed, 
thereby restricting movements to a limited zone. In the region formerly known as "The 
Willows" along Valencia St. between 18th and 19th Sts., some of the most extreme 
disturbances occurred. The ground spread eastward down the center of the former channel 
of the stream, with maximum displacements of 1.8 to 2.4 m over a distance of 45 to 60 m. 
The displacements were largest directly in front of the former Valencia St. Hotel, which 
collapsed in response to the movements.

Three sites were investigated in the Mission Creek area, as shown in the figure. The 
sites were located at: a) Mission Playground at 19th St. and Linda St., which is the site of 
lateral spreading on 19th St., b) Valencia St. between 18th and 19th Sts. in the vicinity of 
the old Valencia St. Hotel, and c) Shotwell St. between 17th and 18th Sts. Some of the 
most severe liquefaction-induced damage from the 1989 Loma Prieta earthquake were 
observed on the middle west side of Shotwell St., where maximum building settlements on 
the order of 0.2 to 0.4 m occurred.

Similar to those in the South of Market area, the investigations were conducted as an 
integrated program of CPT soundings and conventional borings with SPT measurements and 
sampling. Downhole seismic shear wave velocity profiles were acquired at the Shotwell St. 
and Mission Playground sites.

RESULTS OBTAINED

The four sites investigated are described briefly with respect to data obtained and 
preliminary findings:
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Howard St. Site

Investigations at this site have resulted in subsurface data from 4 CPT soundings to 
depths of 15 to 20 m, a piezocone sounding to 18 m, a conventional boring with SPT 
measurements and sampling to bedrock at a 70-m depth, and a down-hole seismic shear 
wave velocity profile obtained with a seismic cone sounding to a depth of approximately 20 
m.

Shotwell St. Site

Investigations at this site have resulted in subsurface data from 4 CPT soundings to 
20 to 26-m depths, a conventional boring with SPT measurements and sampling to bedrock 
at a 60-m depth, and a down-hole seismic shear wave velocity profile obtained with a seismic 
cone sounding to a 20-m depth.

Mission Playground Site

Investigations at this site have resulted in subsurface data from one CPT sounding to 
a 29-m depth, 2 piezocone soundings to 14-m depths, one conventional boring with SPT 
measurements and sampling to bedrock at a 35-m depth, and a down-hole seismic shear 
wave velocity profile obtained with a seismic cone sounding to a depth of approximately 12 
m.

Valencia St. Site

Investigations at this site have resulted in subsurface data from 2 CPT soundings to 
approximately 20 m and one conventional boring with SPT measurements and sampling to 
a depth of 20 m.

These investigations have disclosed the general dimensions and in-situ properties of 
the loose fills in these areas, which are subject to liquefaction and ground failure. The 
investigations also have provided information about deeper soil deposits, extending to 
bedrock. Soft Holocene bay clay has been shown to underlie loose fills which liquefied in 
1989. At sites which did not liquefy in 1989, but did liquefy in 1906, soft bay mud appears 
to be absent. Hence, the investigations indicate that site amplification from soft bay muds 
can play an important role in causing liquefaction of the overlying fills for moderate to 
severe levels of earthquake shaking.

REPORTS PUBLISHED

Funding was provided at the end of July, 1991. Planning, permitting, and site 
investigations were performed thereafter. As of early November, 1991, no reports or papers 
have been published, although several are in preparation.
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The Washington Division of Geology and Earth Resources (DGER) is actively 
investigating geologic hazards within the state, and presently receives funding from the 
National Earthquake Hazard Reduction Program (NEHRP) to conduct earthquake hazard 
mitigation studies. DGER has concentrated its earthquake program on mapping 
Quaternary deposits in the Puget Sound region subject to seismically-induced ground 
failure, and on increasing the public's awareness of earthquake hazards in Washington 
state.

Earthquake Hazard Studies

Liquefaction susceptibility maps for the Renton and Auburn 7.5' quadrangles are 
scheduled for publication as a DGER open-file report by the end of 1991. These maps 
cover the southern portion of King County, the most populous county in Washington state. 
Geotechnical boring data (Standard Penetration Test blow counts, grain size curves, and 
field descriptions) were used to characterize the liquefaction susceptibility of Quaternary 
deposits exposed in the map area. The Quaternary deposits were sub-divided into two 
separate units, post-glacial alluvium, and Vashon Stade (of latest Wisconsin age) and 
older glacial and non-glacial sediments, for characterization of liquefaction susceptibility. 
Cumulative curves of the thickness of liquefiable material were compiled for each of these 
two units using scenario earthquakes of magnitude 7.3 that produce either 0.15 g or 0.30 
g of peak ground acceleration. The cumulative curves for post-glacial alluvium are shown 
in Figure 1. Using the rating scheme of Youd and Perkins (1987), post-glacial alluvium 
is assigned a high liquefaction susceptibility, whereas the Vashon Stade and older 
deposits are assigned a low susceptibility.

Continued study of liquefaction in the Puyallup valley during the 1949 and 1965 
Puget Sound earthquakes focused on the sedimentology of the liquefiable deposits 
(Palmer and others, 1991). A trench excavated during a utility extension at the Puyallup 
Fairgrounds exposed a massive, dark gray sand. This trench was within 250 ft of a
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reported liquefaction site from the 1949 earthquake (Chleborad and Schuster, 1990; 
Shulene, 1990). Borings along the trench and at the liquefaction site indicate that this 
sand unit could be as much as 25 ft thick.

The thick, massive, dark gray sand underlying the Puyallup Fairgrounds is 
predominantly composed of angular crystals, glass, and fragments of Mount Rainier 
Andesite. This sand is characterized by common volcanic glass shards, angular, glassy, 
black andesite fragments, scoriaceous red andesite, distinctive buff pumice (in the larger 
size fraction), and accretionary lapilli in the uppermost part of the deposit. The distinctive 
buff pumice granules common in the Puyallup Fairgrounds sand contain phenocrysts of 
hypersthene, augite, and occasional hornblende. These accessory minerals have been 
associated with Mount Rainier tephra layer C, erupted from Mount Rainier about 2,200 
years ago (Mullineaux, 1974).

A small twig in the pumiceous upper sand unit yielded an uncalibrated age of 2,320 
± 120 (Beta #43244), and a chunk of wood from the silty sand unit below it yielded an 
age of 2,650 ± 70 (Beta #43243). The period from roughly 2,700 years ago to 2,200 
years ago was characterized by extensive lahar inundation in the Puyallup valley and 
construction of a pyroclastic fan in the upper Puyallup basin west of Mount Rainier 
(Crandell, 1971; Scott and others, 1990). The greater thickness of the sand unit beneath
the Puyallup Fairgrounds (in comparison with normal lood deposition along the Puyallup
River), sedimentologic characteristics (e.g., monolithologic composition, particle 
angularity), massive texture, and correlative age indicate deposition by large flooding 
events resulting directly or indirectly from volcanism &t Mount Rainier.

A geotechnical drilling program was conducted during this last year at the Puyallup 
Fairgrounds and at other nearby locations to increase our understanding of these 
liquefiable sand deposits. Siting of these borings wfrs based on a sequence of hand- 
augered test holes drilled earlier in the year at reported liquefaction sites for the 1949 and 
1965 earthquakes. Standard Penetration Test bloVv counts, disturbed samples, and 
piezo-cone penetrometer data were acquired at each site. Drilling was performed by the 
Washington Department of Transportation, which is assisting in the analysis of the piezo- 
cone data. Loose, angular, dark gray, sands similar to those found at the Puyallup 
Fairgrounds were encountered in each of the borings. Boring logs, piezo-cone 
penetrometer data, and sieve analyses for these borings will be released as a DGER 
open-file report in 1992.

Public Outreach

Two actions recently taken by the Washingtoh Legislature have the potential to 
significantly increase earthquake hazard mitigation!efforts in the state. The Growth 
Management Act (as amended) requires that most Washington counties implement 
earthquake hazard zonation in their land use planning. Significant DGER staff effort has 
been directed to technical assistance to both local jurisdictions and State agencies 
overseeing the Growth Management Act. Likewise, DGER has played a major role in
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providing information and advice to many local jurisdictions in delineating areas of 
significant earthquake hazards and suggested methods of mitigating these hazards.

In the 1990 session, the Legislature created a Washington State Seismic Safety 
Advisory Committee (SSAC) to evaluate earthquake preparedness in Washington. Ray 
Lasmanis, Washington State Geologist, is co-chairman of this committee, and DGER staff 
have provided technical reviews and historical data on Washington earthquakes to 
support this committee's evaluation. The SSAC will report its findings and 
recommendations to the Legislature at the end of 1991.

DGER's primary charter is to disseminate geologic information to the public, and 
consequently increasing public awareness of earthquake hazards in Washington state is 
an important activity. Public outreach is carried out by the direct response of the DGER 
staff to oral or written inquiries by individuals, and through public presentations and 
workshops. Information Circular 85, Washington State Earthquake Hazards, is distributed 
free of charge to provide earthquake information to the public; over 1500 copies of this 
circular were distributed during the last year. DGER also maintains a comprehensive 
public library on the geology of Washington state, and is expanding the reference section 
pertaining to earthquake-related topics. The quarterly publication Washington Geology 
provides a vehicle for disseminating earthquake information. On average, one article on 
an earthquake-related topic is published in each issue, as well as a listing of all new 
library acquisitions. By providing timely and accurate geologic information to the public, 
DGER will continue to contribute to improving earthquake preparedness in Washington 
state.
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Investigations and Results

The Quick Epicenter Determinations (QED) continues to be available to 
individuals and groups having access to a 300- or 1200-baud terminal with 
dial-up capabilities to a toll-free WATS number or a commercial telephone 
number in Golden, Colorado. It is also accessible via GEONET and public 
TYMNET. The time period of data available in the QED is approximately 3 
weeks (from about 2 days behind real time to the current PDE in production). 
The QED program is available on a 24-hour basis, 7 days a week. From 
April 1, 1991 through September 30, 1991, there were 14,690 logins to the 
QED program. A daily QED message, 7 days behind real time, is transmitted 
to 38 different agencies in the U.S. and throughout the world via electronic 
mail, including a scientific bulletin board operated by Dr. Francis Wu at 
the State University of New York at Binghamton. This bulletin board is 
accessible by anyone who is connected to BITNET. The daily QED message is 
also distributed to another 13 agencies via U.S. government communications 
(VADATS/DTS/AUTODIN), including worldwide distribution on the communications 
system of the World Meteorological Organization.

NEIS is making extensive use of electronic mail for data acquisition. Data 
are now being received via GEONET, TYMNET, internet, BITnet, DECNET/SPAN and 
uucp on a regular basis. Agencies sending data to NEIS via electronic mail 
include the following:

U.S. Bureau of Reclamation, Denver
Geological Survey of Canada, Ottawa
Geological Survey of Canada, Sidney, BC
Universidad Autonoma de Mexico, Mexico City
Universidade de Sao Paulo, Brazil
University of Bergen, Norway
Institute Nazionale di Geofisica, Rome, Italy
Centro Cultura Scientifica Ettore Majorana, Erice, Sicily
Centre Seismologique Euro-Mediterraneen, Strasbourg, France
University of Thessaloniki, Greece
Kandilli Observatory, Istanbul, Turkey
Harvard University, Cambridge, MA (Centroid, Moment Tensor Solutions)
Graefenberg Observatory, Germany
University of Geneva, Italy
Icelandic Meteorological Institute, Reykjavik, Iceland
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Universidad Nacional de la Plata, Argentina
Project GEOSCOPE, Paris, France
Soviet Union
Chile, Czechoslovakia, and presently working on E-mail from Australia

In addition, the following agencies contribute 
computer file transfer or remote login via th<»

data to the PDE program by 
computer networks:

USGS Alaska Seismic Project, Menlo Park
USGS/California Institute of Technology, Pasadena
USGS Fredericksburg Observatory, Corbin, Virginia
USGS Guam Observatory, Mariana Islands
University of California, Berkeley
University of Southern California, Los Angeles
University of Washington, Seattle
John Carroll University, Cleveland, Ohio
Northern Illinois University, DeKalb
Oklahoma Geophysical Observatory, Leonard

Data acquisition by electronic mail is in the process of being established 
with the Bureau Central Seismologique Francaifee in France.

Telegraphic data are now being exchanged with the USSR on most larger earth­ 
quakes. The Soviet data are being received fjrom the Central Seismological 
Observatory, Obninsk, under the auspices of trie World Data Center system. 
Our designation as World Data Center A for Seismology played a key role in 
permitting this exchange to be established.

Data from the People's Republic of China via 
to be received in a very timely manner and in

the American Embassy continue 
time for the PDE publication.

We continue to receive four stations on a weedy basis from the State Seis­
mological Bureau of the People's Republic of China. The Bulletins with
additional data are now being received by floppy disk in time for the 
Monthly.

Special efforts are being made to receive more data from the Latin American 
countries on a more timely basis. The increased availability of telefax is 
permitting much more interaction with Latin American countries than in the 
past.

We have rapid data exchange (alarm quakes) wi^h Centre Seismologique 
European-Mediterranean (CSEM), Strasbourg, France, and Institute Nazionale 
de Geofisica, Rome, Italy, and Sicily, and data by telephone from Mundaring 
Geophysical Observatory, Mundaring, Western Australia and Pacific Tsunami 
Warning Center in Honolulu. The geophysical laboratory in Papeete, French 
Polynesia contributes a single-station estimate of seismic moment within 
about 24 hours of a large event in the Pacific region.

The Monthly Listing of Earthquakes is up to date. As of September 30,
1991, the Monthly Listing and Earthquake Data 
completed through May 1991. The total number

Report (EDR) have been
of events located for 1990

was 16,613, the largest number for any given year. More than 781,000
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readings were received and processed for 1990; this represents over 
90,000 more than for 1989. The number of events published from December 
through May 1991 was 8,352. Radiated energy, moment tensor, P-wave first- 
motion and broadband depth solutions continue to be determined by the USGS 
when possible and published in the Monthly Listing and EDR for any earth­ 
quake having an m, magnitude _>. 5.8. Centroid moment tensor solutions 
contributed by Harvard University continue to be published in the Monthly 
Listing and EDR. Waveform plots are being published for selected events 
having m, magnitudes _>. 5.8.

The Earthquake Early Alerting Service (EEAS) continues to provide informa­ 
tion on recent earthquakes on a 24-hour basis to the Office of Earthquakes, 
Volcanoes and Engineering, scientists, news media, other government agenc­ 
ies, foreign countries, and the general public.

Fifty-one releases were made from April 1, 1991, through September 30, 1991. 
The largest earthquake to affect the United States was a magnitude 7.1 off 
the coast of California on August 17, 1991. This earthquake was preceded by 
a magnitude 6.3 earthquake, also off the coast of northern California, on 
August 16. On August 17, another earthquake, a magnitude 6.0 near the coast 
of northern California, caused slight damage in the epicentral area. The 
most damaging earthquake in the United States was a magnitude 5.8 in 
southern California (Sierra Madrea) on June 28. Two people were killed, 
about 100 people were injured, and there was considerable damage in the 
area. On May 30, a magnitude 6.7 earthquake occurred on the Alaska 
Peninsula.

The most significant foreign earthquakes were as follows:
Peru

On April 5, a magnitude 6.7 earthquake killed at least 100 people, 
injured more than 600, and caused extensive damage.

Costa Rica
On April 22, a magnitude 7.5 earthquake killed 47 people, injured 109, 
and caused extensive damage in Costa Rica. Twenty-eight people were 
killed, 454 were injured, and many were left homeless in Panama.

Western Caucasus
On April 29, a magnitude 7.0 earthquake killed at least 114 people, 
injured 1,000, left 67,000 homeless, and caused severe damage in the 
epicentral area.

Timor
On July 4, a magnitude 6.4 earthquake killed 23 people, injured 181, and 
at least 5,400 people were left homeless. The earthquake destroyed 1080 
houses, 68 buildings, and some churches at Kalabahi, Alar, and caused 
losses totaling 7.7 million U.S. dollars in the epicentral area.

Southern Peru
On July 23, a magnitude 5.1 earthquake killed at least 12 people, 
injured 78, resulted in 100 people reported as missing, and caused 
landslides in the epicentral area.

Iran-Iraq
On July 24, a magnitude 5.3 earthquake killed at least 20 people, 
injured many, and caused damage in the Arbil-Dibs area of Iraq.
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Guatemala
On September 18, a magnitude 5.3 earthquake killed at least 25 people, 
injured more than 200, left 1,000 homeless and caused extensive damage 
and landslides in the Pochuta-Solola area.

Reports

Monthly Listing of Earthquakes, in Seismological Research Letters, Eastern
Section, SSA, v. 62, no. 2, April through June 1990. Compilers:
Jacobs, W., Chang, P., Minsch, J., Needham, R., Person, W.,
Presgrave, B., Schmieder, W. 

Monthly Listing of Earthquakes and Earthquake Data Reports (EDR); six
publications from December 1990 through May 1991. Compilers:
Jacobs, W., Chang, P., Minsch, J., Needham, R., Person, W., Presgrave,
B., Schmieder, W. 

Person, Waverly, J., Earthquakes, in_ Earthquakes and Volcanoes, v. 22,
no. 2, Earthquakes, November-December 1988; v. 22, no. 4, Earthquakes,
January-February 1990. 

Person, Waverly J., Seismological Notes: Bulletin of the Seismological
Society of America, v. 81, no. 3, July-August 1990; v. 81, no. 4,
September-October 1990. 

Preliminary Determination of Epicenters (PDE); 26 weekly publications
from April 5, 1991 through September 26, 1991, numbers 11-91 through
36-91. Compilers: Jacobs, W., Chang, P,, Minsch, J., Needham, R.,
Person, W., Presgrave, B., Schmieder, W. 

Quick Epicenter Determination (QED) (daily): Distributed only by electronic
media.
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Global Seismograph Network Evaluation and Development

9920-02384

Jon Peterson 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque, New Mexico 87115-5000

(505) 846-5656

Investigations

Continued work in support of the US/USSR Joint Seismic Program.

Results

A modified version of the GSN broadband seismograph system was 
installed at Garni, Armenia in July. Operation has been 
intermittent because of frequent and prolonged failures in the 
local power system. A backup generator and replacement 
uninterruptible power subsystem are being installed. Orders have 
been placed for three additional GSN systems. Current plans are to 
install them at Petropavlovsk, Yakutsk, and Yuzhno-Sakhalinsk; 
approvals have been granted for the latter two sites. The project 
chief accompanied the USGS program coordinator to a US/USSR JSP 
working group meeting held at the Borovoye, Kazahkstan seismograph 
observatory and on to Yuzhno-Sakhalinsk to survey the site and 
begin arrangements for training and installation work.
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ANALYSES OF STRUCTURAL RESPONSE TO EARTHQUAKES

9910-02759

Erdal §afak and Mehmet 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

703/648-6534 or FTS/959-6534

Investigations

1) Analyses of seismic recordings obtained from instrumented structures during the 
October 17, 1989, Loma Prieta earthquake.

Results

1) Full set of records from six extensively instrumented structures (five buildings and one 
dam) have been obtained during the October 17, 1989, Loma Prieta earthquake. The 
analyses of data from three of the buildings, the pyramid-shaped 60-story Transamerica 
Building, the three-winged (Y-shaped) 30-story Pacific Park Plaza building, and the 42- 
story Chevron building, have been completed. Analyses for the remaining structures 
are in progress.

Reports

Celebi, M, and §afak, E., 1991, Recorded seismic response of Transamerica Building  Part 
I: Data and preliminary analysis: Journal of Structural Engineering, ASCE, v. 117, no. 8, 
p. 2389-2404, August 1991.

§afak, E., and Celebi, M., 1991, Recorded seismic response of Transamerica Building  Part 
II: System identification: Journal of Structural Engineering, ASCE, v. 117, no. 8, p. 2405- 
2425, August 1991.

Celebi, M., and §afak, E., 1991, Recorded seismic response of Pacific Park Plaza  Part I: 
Data and preliminary analysis: Journal of Structural Engineering, ASCE, in print.

§afak, E., and Celebi, M., 1990, Recorded seismic response of Pacific Park Plaza  Part II: 
System identification: Journal of Structural Engineering, ASCE, in print.
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§afak, E., and Celebi, M., 1991, Analyses of recorded responses of two high-rise buildings 
to Loma Prieta mainshock: Special Issue, Bulletin of the Seismological Society of 
America, in print.

§afak, E., 1991, Response of a 42-story steel-frame building to the Ms =7.1 Loma Prieta 
earthquake, Journal of Structural Engineering, ASCE, (submitted for publication).
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Studies Related to Attenuation of PGA and Liquefaction Potential 

for Earthquakes (Ms > 6.0) in the New Madrid Seismic Zone

14-08-0001-G1999

Chandan K Saikia
Wood ward-Clyde Consults.nts,

566 El Dorado Street,
Pasadena, CA 91101

(818) 449-7650.

Objective

The New Madrid seismic zone generated a series of great i earthquakes in 1811-1812 and existing 

tectonic features indicate its capability for future large earthquakes (Nuttli, 1973; 1983). Several 

other earthquakes with m& between 5.3 and 6.2 have followed the 1811-1812 events in recent time 

(Nuttli et al., 1979). Due to the lack of instrumental recording of strong motion data from large 

earthquakes in the central United States (CUS), the currently available attenuation relations for the 

peak ground accelerations (PGA) are derived by extrapolating small events to the large magnitude 

range using a point-source model (Nuttli, 1973) and random vibration theory (RVT) (Boore and 

Atkinson, 1987; Toro and McGuire, 1987). The purpose of this project is to develop improved 

attenuation relations for PGA, particularly in the large magnitude range (Mw > 6.0) in CUS using 

synthetic accelerograms obtained by a simulation technique that incorporates an accurate wave- 

propagation model and an extended fault model. The wave propagation method can account for 

the important crustal reflections such as the critical reflection from the Moho observed in the San 

Francisco Bay region during the 1989 Loma Prieta earthquake (Somerville and Yoshimura, 1990; 

McGarr et al., 1991). The response of these reflections is inaccurately represented by the geometrical 

wave propagation method used in the earlier studies.

Simulation of Ground Motion

To develop attenuation relations, we have simulated ground motions at 168 sites (Figure 1) 

which encompass the entire New Madrid fault zone using a semi-empirical method (Somerville et 

al., 1991) for earthquakes of magnitude Mw   6.5, Mw   7.0 and Mw   7.5. The fault size and 

seismic moment of each earthquake were defined based on a chosen source scaling law. Following 

the representation theorem of elasto dynamics, the fault surface is discretized into many sub-faults, 

each treated as a small earthquake. The contributions from these sub-faults are synthesized by 

convolving empirical source functions with a theoretical medium response. They are then lagged 

and summed. The present method uses the accelerograms from an aftershock of the 1979 Imperial 

Valley earthquake as empirical source functions to represent source radiation. The response of the 

recording site effect from these accelerograms was removed adopting the procedure discussed in 

Somerville et al. (1991). In addition, we did not apply a kappa correction to these source functions 

since the kappa estimates from the source functions are similar to the kappa values noted from the 

limited CUS strong-motion data (Herrmann, personal communication, 1989). The wave propagation 

is represented by the response of direct P, S and reflected phases (Figure 2) from interfaces with
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strong impedance contrast of a crustal model of the New Madrid fault zone chosen from Saikia et 
al. (1990). This crustal model was developed by modeling weak motion earthquake data recorded 

in the distance range of 40 and 180 km from the Saint Louis University network. In Figure 2, we 

show the locations of three sources marked by "X" and various rays leaving the sources to a common 

receiver. The fault is buried at a depth of 0.6 km with a depth extension to 15 km. The fault was 

given a strike of 220°, a dip of 70°, and a rake of 110°.

It was pointed out by Boore and Atkinson (1987) and Toro and McGuire (1987) that ground mo­ 

tions predicted by the increasing stress-drop model of Nuttli (1973) were inconsistent with the avail­ 

able ground motion data. Their investigations suggested that a constant stress-drop law (Somerville 

et al. 1987) is likely to be appropriate for the eastern North American (ENA) earthquakes. To ex­ 

amine this effect further, ground motion was simulated for these earthquakes using extended faults 

with the same bilateral rupture and uniform slip on the fault surface for both constant and increasing 

stress-drop models. Figure 3 shows the decay of predicted PGA (average of two horizontal compo­ 

nents) as a function of closest distance to the seismogenic fault surface. These results illustrate that 

the ground motion predicted by the increasing stress drop model becomes larger than that predicted 

using the constant stress-drop model as Mw increases above 6.5. These results incorporate only the 

response of the direct and primary reflected phases.

In Figure 3, the ground motions appear to have a slower decay with increasing magnitude, 

resulting in a different fall-off rate for each magnitude. In addition, the ground motions do not decay 

continuously with increasing distance. A distinct increase in amplitude is predicted for Mw = 6.5 

magnitude at 50 km and is caused by the critical reflections from internal interfaces. Such an increase 

in amplitude, although not as dramatic, is predicted at a closer distance (30 km) for the Mw =  7.5 

earthquake. This variation is related to the fault size because the rays leave the fault surface from 

different locations. The contributions from these rays vary at different receiving sites since they 

can either be from a direct or a reflected wave. Figure 4 shows simulated east-west component 

accelerograms computed for individual ray types at three sites lying in a profile at closest distances 

of 10, 110 and 159 km respectively from a Mw = 7.5 magnitude earthquake. The corresponding 

sites are S012, S124 and S164 (Figure 4). The accelerograms DIR were simulated using only the 

direct waves from each sub fault. Likewise, the accelerograms DW1 were computed using all sub 

fault contributions with only one reflection from the Moho discontinuity. The accelerograms DW2 

had two bounces from the Moho discontinuity. For each site, the upper cumulative accelerogram 

is obtained by summing the contributions DIR and DW1, and the lower accelerogram is obtained 

by adding contribution DW2 to this sum. Clearly, the direct wave dominates at 10 km. The Moho 

reflections (DW1) are the most dominant contributions at 110 km. But further away at 159 km, 

both DW1 and DW2 (two bounces from the Moho discontinuity) are equally strong.

In addition to the crustal structure and source scaling law, the results of the predicted ground 

motion are expected to depend on the slip distribution across the fault surface. In a recent study, Her- 

rmann and Jost (1988) presented an asperity model used in simulating long-period ground motions 

from a large New Madrid earthquake (Ma = 8.4). Using their asperity model, we have simulated 

high-frequency ground motions for a Mw = 7.5 earthquake (Figure 5). Also shown are the PGA at­ 

tenuation for Mw =  7.0 and Mw = 6.5 earthquakes. The slip models were randomly chosen for these
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two earthquakes. The results are quite similar to the case of a uniform slip model shown in Figure 

3. The magnitude Mw = 6.5 earthquake shows a more pronounced effect from crustal reflections, 

where the effect of both DW1 and DW2 is observed in the attenuation of ground motions. In Figure 

6, we show the average attenuation curves for these three earthquakes. The primary characteristic 

of the attenuation curves is that they tend to flatten with increasing magnitude.

Validation of Simulation Method for Continental-Interior Earthquakes

The New Madrid seismic zone is tectonically classified as a continental-interior region (Nuttli, 

1973). For validating the semi-empirical method, we modelled strong motion data from the 1978 

Tabas, Iran earthquake (Figure 7, Saikia, 1992), the largest continental-interior earthquake to have 

produced usable strong motion accelerograms. The slip models KS3 and LI for both fixed and 

variable rake angles of Hartzell and Mendoza (1991) and th<: empirical accelerograms source func­ 

tions from the Imperial Valley aftershock were used. The time series show good agreement in peak 

amplitudes, shape and duration of the significant energy, especially for the KS3 slip model with 

variable rake. Although this study is only one example of this kind, it does provide some confidence 

for estimating ground motion in a region from a continental-ibterior earthquake where instrumental 

strong-motion data are still not available. Another significant result is that close-distance accelero­ 

grams of one tectonic regime can be transported to another tectonic regime for use as empirical 

source functions provided they are corrected for the propagation path of individual recording sites.

Conclusions

Based on the above studies, we make the following conclusions:

(a). The semi-empirical simulation method adopted here was used to simulate the ob­ 

served accelerograms of the September 1978, Tabas, Iran earthquake, producing 

a reasonable agreement between data and synthetic accelerograms. Thus, we are 

confident that the ground motions predicted in this study are reliable estimates for 

a given slip distribution model.

(b). The peak ground motions from the asperity model are larger than the ground mo­ 

tions predicted by the uniform slip model. In addition, for an individual slip model, 

the ground motion predicted using the increasing stress-drop source model is larger 

than the ground motion predicted using the constant stress-drop model, although 

the discrepancy in the ground motions from the tw<t> scaling laws decreases as the 

magnitude of the event decreases from MW   7.5 to Mw =6.5.

(c). The effect of lower crustal structure becomes signitficant at a closest distance of 

about 40 km from the seismogenic rupture zone. At distances larger than 100 km, 

the contributions from multiple reflections are also significant.

(d). The effect of attenuation in the embayment sediment is represented in the source 

function. A careful study of this effect on the ground motion is presently on-going 

and will be addressed in the final report.
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Figure Captions

Figure 1: Figure showing the distribution of 168 seismic stations used in this study. A total of 8 
profiles are laid out. The stations are placed on concentric rings with the largest radius being 160 
km.

Figure 2: Ray diagram: DIR represents a direct ray path between the source and receiver, DW1 
represents a path for a reflected ray from both the Conrad and the Moho discontinuities; and DW2 
represents a ray path which is reflected twice from the Moho discontinuity and once from the free 
surface.

Figure 3: Attenuation of peak ground acceleration (PGA) for Mw = 7.5, Mw = 7.0, and Mw   6.5 
earthquakes predicted using both constant (open triangle) and increasing (solid circle) stress-drop 
models. Average of the two horizontal components is plotted.

Figure 4: Effect of propagation: Accelerograms are shown for a Mw = 7.5 magnitude earthquake 
at three sites. These sites lie along the profile of station S164 from the center of the network. For
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each station, accelerograms were simulated for direct, DW1 and DW2 ray types separately. All 
accelerograms are displayed after normalizing to the maximum PGA predicted at that site.

Figure 5: Attenuation of peak ground acceleration (PGA) f<j>r Mw = 7.5, Mw = 7.0, and Mw = 6.5 
earthquakes predicted using constant stress-drop model arid slip distribution models containing 
asperities. Average of the two horizontal components is plotted.

Figure 6: Attenuation curves smoothly fitting the data shown in Figure 6.

Figure 7: Comparison between recorded and simulated groimd motions at one station (Dayhook) 
recorded from the September 1978, Tabas, Iran earthquake. The scaled Imperial Valley aftershock 
accelerograms were used for empirical source functions. This event produced usable ground motion 
at two more stations : Bosrooyeh and Tabas. Similar agreement was obtained at Bosrooyeh. The 
ground motion recorded at Tabas was larger than predicted.
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Heat Flow and Tectonic Studies

9960-01177

John H. Sass Arthur H. Lachenbruch
Branch of Tectonophysics Colin F. Williams
U.S. Geological Survey Branch of Tectonophysics
2255 North Gemini Drive U.S. Geological Survey
Flagstaff, AZ 86001 345 Middlefield Road
(602) 556-7226 Menlo Park, CA 94025
FTS: 765-7226 (415) 329-4879/4881

	FTS: 459-4879/4881

Investigations:

Thermal, tectonic and stress data have been reviewed and analyzed to yield a refined 
estimate of the geotherm beneath the San Andreas fault zone.

The geothermal study of the Santa Maria Basin and environs is nearing completion. 
The results of this study have been combined with published heat-flow data from the San 
Joaquin and Ventura Basins in an expanded investigation of hydrologic, sedimentary and 
tectonic controls on heat flow in Central California Basins.

Analyses of thermal data from the Parkfield region (stippled area, Figure 1) is con­ 
tinuing.

A near-equilibrium temperature profile has been measured for Phase I of the Long 
Valley Exploratory well. Coring of Phase II is continuing, and preliminary thermal results 
are being analyzed.

Two manuscripts on heat-flow results from the 0ajon Pass research well have been 
accepted for publication in the Journal of Geophysical Research. The first presents the 
detailed interpretation of thermal measurements in tl}e well, and the second discusses the 
implications of the Cajon Pass heat-flow measurement^ for the strength of the San Andreas 
fault system.

A study of thermal conductivity anisotropy of corje samples from the KTB pilot bore­ 
hole is continuing, along with a KTB-USGS collaborative investigation of techniques for 
determining thermal conductivity from wireline logging measurements.

Precision temperature monitoring in the USL-Pebxson well near Parkfield is continu­ 
ing. Monitored temperatures remained stable over the past six months.

A manuscript on tectonic implications of eastern Sierra Nevada heat flow was pub­ 
lished in Tectonics.

An investigation of the thermal regime of the southern Basin and Range is continuing.

A manuscript on heat flow on the North Slope of 
cation by the GSA Bulletin.
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A modeling study of coupled heat/fluid flow in the Colville Basin on the North Slope 
of Alaska has been completed, and a manuscript is in preparation.

A manuscript on fluid and heat flow in the continental crust is in press in Geology.

Temperature measurements were made in collaboration with scientists from Lamont- 
Doherty Geological Observatory in six coreholes drilled in the Newark Basin, New Jersey, 
as part of the U.S. Continental Scientific Drilling Program.

A new laptop computer-based portable logging system is nearing completion, and a 
high temperature and pressure thermal conductivity apparatus is being developed.

Results;

The San Andreas fault geotherm. The Coast Range heat-flow high (~84 mW/m2 ), 
which arises approximately 100 km south of the Mendocino Triple Junction (MTJ) and fol­ 
lows the Ranges south to the Santa Maria Basin, is the primary thermal feature associated 
with the San Andreas fault (SAF) system. Using steady-state models, Lachenbruch and 
Sass (Proc. Conf. Tect. SAF, Stanford, 1973) estimated that temperatures at the base of 
the SAF seismogenic layer (TBS) would be 300 to 350° C if the Coast Range high is due to 
shallow (<15 km) crustal heat sources and 400 to 450°C if the high is due to deep sources. 
Subsequent observations of heat flow, stress orientation, and crustal deformation have not 
only supported the "weak fault" hypothesis but have also ruled out the presence of sig­ 
nificant shallow heat sources, confirming that asthenospheric upwelling behind the MTJ 
is the main source of the Coast Range high. Recently revised transient models of crustal 
geotherms in the wake of MTJ passage suggest that TBS is indeed 400 to 450° C (Figure 2). 
These values are approximately 100°C higher than those commonly cited for TBS, a result 
which has a number of consequences for the dynamics of the Pacific-North American plate 
boundary. In particular, this result suggests that crustal thermal conditions determine 
the location of principal stress rotations. As noted by Zoback and others (Science, 238, 
1987), horizontal compression nearly perpendicular to the SAF extends ~100 km to either 
side of the fault. Reorientation of far-field principal stresses to fault-normal compression 
should occur where basal tractions can couple the seismogenic layer to the lower crust and 
mantle. In central California, this coupling is possible only in the relatively cold crust of 
the eastern Great Valley and western Sierra Nevada, a region where sparse data suggest 
that the principal stress directions do rotate. Thus, the location of principal stress rota­ 
tions 100 km east of the SAF may be determined by the lateral continuity of a thermally 
controlled weak layer within the crust of the Coast Ranges and western Great Valley.

Central California Basins. [Williams and Galanis] Preliminary results from 
geothermal studies in the Cuyama, onshore Santa Maria, offshore Santa Maria, and western 
Ventura Basins, coupled with published heat-flow data from the San Joaquin and eastern 
Ventura Basins, reveal highly variable hydrologic, sedimentary, and tectonic controls on 
measured heat flow.

In the Santa Maria Basin, low sedimentation rates and small refraction corrections 
(<5%) suggest that measured heat flow (80 ±10 mW/m2 ) is consistent with the neighbor­ 
ing Coast Range heat-flow high. Aside from temperature fluctuations resulting from oil 
and gas production disturbances, the only deviation from this result appears in the Santa
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Maria Valley, where temperature gradients in shallow Plio-Pleistocene sediments are de­ 
pressed to near zero. Simple analytical models suggest that shallow ground water flow, 
active since the middle Pleistocene, may account for the heat loss. Temperature profiles 
from the South Cuyama Basin cross at least one active thrust fault, and there are some 
indications that fluid flowing along the fault(s) may account for local variations in shallow 
(<500 m) temperatures.

Measured heat flow in the southern San Joaquiiii and eastern Ventura Basins aver­ 
ages 45 to 55 mW/m2 , a result related primarily to rapid sedimentation and lithospheric 
thickening. Ground water flow may be disturbing neajr-surface temperatures in Ventura's 
Fillmore district, but profiles in other areas are essentially conductive, despite the presence 
of permeable formations and topographic relief. In general, thermal studies in these Cali­ 
fornia Basins have yet to provide clear evidence for de^ep, basin-scale or fault-focused flow 
systems. However, spatial coverage is limited, and significant mass transport is certainly 
possible without disturbing the thermal regime beyond measurement uncertainties.

Parkfield Monitor. The Project's Long-Term iTemperature Monitor (LTTM) has 
been operating in the USL-Pearson IB (PRSN) wejl near Parkfield for approximately 
2 years. During the first eight months of operation, t|ie ±0.2 mK (±0.0002°C) resolution 
capability of the monitor was occasionally negated by the effects of extreme diurnal surface 
temperature variations and rain-related disturbances to the electronics. The surface elec­ 
tronics have been reconfigured, and the adverse effect$ of surface disturbances eliminated. 
Monitored temperatures have remained remarkably stable over the past six months. The 
experiment was designed to test whether strain changes along the San Andreas fault near 
Parkfield generate identifiable thermal-hydrologic signals or measurable strain-heating in 
the fault zone. These possibilities will be tested by the onset of the long-awaited Parkfield 
earthquake.

Long Valley. [Sass, Jacobson, and Sorey] The primary scientific hypothesis being 
tested by the Long Valley Exploratory Well (LVEW) asserts that silicic magma is being 
actively intruded beneath the resurgent dome of the ^/ong Valley Caldera at a depth of 6 
to 8 kilometers. This, in turn, requires an average thermal gradient in excess of 100°C/km 
between the surface and the top of the magma chaniiber. The first phase of the LVEW 
was completed in October 1989 at a depth of 839 m. The bottom-hole temperature is 
48.6°C and the average temperature gradient from the; surface is approximately 50°C/km. 
A final temperature log in the Phase I hole was obtained on July 19, 1991, shortly before 
Phase II drilling began. Thermal conductivities have; been measured on drill cuttings in 
the interval 200-783 m and on core from 783 to 839 mi. Juxtaposition of thermal gradients 
and thermal conductivities indicate a thermal regime dominated by recharge to a depth 
of 622 meters (the base of the early post-caldera rhyolite). From 622 to 839 m, heat 
transfer is primarily by conduction with a mean heat flow of about 120 mW/m2 . Thermal 
information from Phase II drilling is very scanty; however, from the temperatures of mud 
returns and bottom-hole temperature estimates, then; are no indications of an increase in 
temperature gradient to a depth of over 2 km. This tentative observation can be explained
by (1) a deep recharge system or (2) the absence or extreme youth of the hypothesized
magma chamber. Preliminary post-drilling Phase II temperature profiles will be presented 
as part of the poster.
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Collaborative thermal studies on KTB research wells. [Sass, Kennelly, Williams, 
and Lachenbruch] KTB scientists are engaged in thorough and comprehensive thermal 
studies of the two deep drill holes at the Oberpfalz, Germany, under high temperature and 
pressure conditions which are near the limit of technical capabilities. Similar conditions 
have been encountered by the Geothermal Studies Project in the Cajon Pass (Sass et al, 
1991) and Salton Sea boreholes (Sass et al., 1988).

The measurement of thermal conductivity, a necessity for every heat-flow determina­ 
tion, remains the major problem for thermal studies in deep wells. Rock thermal con­ 
ductivities can vary with mineralogy, porosity, grain size, and alteration. The anisotropic 
properties of minerals and the tendency for layering in sedimentary and metamorphic rocks 
can lead to significant conductivity anisotropy. The large temperature dependence of some 
mineral conductivities is reflected in the highly variable temperature dependence of rock 
conductivities.

Ideally, the thermal conductivity profile of a deep well would be determined through 
steady-state, multiple-orientation measurements on continuous core samples under in situ 
temperature and pressure conditions. Unfortunately, constraints imposed by time and 
technology do not allow for this type of measurement.

KTB measures conductivity at room temperature with a line-source "halfspace" ap­ 
paratus. Measurements are made in several orientations, then the thermal conductivity 
tensor is calculated (Grubbe et al. } 1983). With anisotropic material, USGS prefers to 
cut samples parallel and perpendicular to the foliation and to measure the principal con­ 
ductivities directly, using the room-temperature steady-state, divided-bar method. The 
limitations of each technique require the complementary combination of techniques when 
the twin problems of anisotropy and high temperature are encountered.

With the concurrence of KTB management, a pilot study was made on 10 core samples 
from the KTB pilot borehole ("Vorbohrung") during 1990. The results were encouraging, 
even though the size of the sample was not large enough to effect a statistically significant 
comparison between the two methods. The range of thermal conductivity and anisotropy 
was within that measured by the KTB in the laboratory. The USGS results were also 
reasonably consistent with in situ results and determinations from geophysical well logs 
(Williams and Anderson, 1990) particularly for the isotropic rocks. We were also able to 
demonstrate the capability of measuring thermal conductivity on rock fragments given an 
independent estimate of thermal anisotropy.

In FY 92, we are expanding the comparison between laboratories to about 100 core 
samples from the Vorbohrung to allow a statistically significant comparison between the 
two methods and to provide verification and validation of the model used to calculate 
principal conductivities and anisotropy from the results of the line-source experiments. We 
are also collaborating with KTB scientists on measurement of thermal conductivities at 
in situ temperatures and elevated pressures for samples of drill cuttings from the ultradeep 
well ("Hauptbohrung"). Even to 4.0 km, the temperature effect on thermal conductivity 
is appreciable. Through the combination of the anisotropy and high-temperature studies, 
we will be able to construct a complete and accurate thermal conductivity profile for both 
the Vorbohrung and the Hauptbohrung.
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Sierra Nevada. [Saltus and Lachenbruch] Eight new heat flow measurements in the 
southern Sierra Nevada constrain models of thermal evolution and lithospheric structure. 
Low reduced heat flows (18 to 21 mW/m2 ) in the southwest Sierra Nevada are consistent 
with previous results from the northwestern and central Sierra Nevada and extend the 
known region of linear heat flow-heat production correlation an additional 150 km to the 
south. Isostatic residual gravity and measured rock (tensities are also linearly correlated 
in the central Sierra Nevada, suggesting a general association between the upper crustal 
distribution of density and heat production. The linear residual gravity-density relation 
implies that isostatic residual gravity anomalies have upper crustal sources and therefore 
is evidence against a flexural model of Cenozoic Sierra Nevada uplift. New reduced heat 
flows measured in the southeast Sierra Nevada are relatively high (32 to 57 mW/m2 ) and 
correlate spatially with a region of high seismicity that includes extensional earthquake 
swarms; this correlation supports the view that Basin and Range extensional tectonics and 
associated magmatic processes are encroaching on the eastern Sierra Nevada. In the stable 
southwest Sierra Nevada, as in the central and northwestern Sierra Nevada, the persistence 
of low reduced heat flow at the surface is consistent with a thermal origin for the Cenozoic 
uplift of the Sierra Nevada, provided the conductive lithosphere is at least 60 to 90 km 
thick. Simple order-of-magnitude calculations show tliat thermal uplift models combining 
mechanisms such as advective warming and thinning of the mantle lithosphere, advection 
of basaltic magma and heat into the crust, simple thermal expansion, and eclogite-to-basalt 
phase conversion can account for the timing and amount of Cenozoic Sierra Nevada uplift. 
Thermal models do not need the assumptions of unusual lithospheric strength and crustal 
buoyancy required by mechanical models for Cenozoic uplift driven by a Mesozoic crustal 
root.

Southern Basin and Range. [Lachenbruch and Sass] More than 200 values of 
heat flow are now available from the crystalline terranes of the Southern Basin and Range 
Province (SBR) of Arizona and southern California, and the Paleozoic sedimentary rocks 
of the southwestern Colorado Plateau (CP). Heat flow ranges from about 5 mW m~2 
on the CP near Flagstaff, Arizona, to more than 150 mW m~ 2 in the crystalline rocks 
bordering the Salton Trough in SE California. The heat-flow pattern within this region 
is complex and appears to be controlled by regional [physiographic and tectonic features. 
Unlike in the adjacent Sierra Nevada batholith, no Statistically valid relation was found 
between heat flow and near-surface radiogenic heat production in the SBR, a condition 
attributable to the complex tectonic history with lateral movement of basement terranes 
and heat sources in the SBR. Like the high mean heat flow in the northern Basin and 
Range (92 ±9 mW/m2 ), the high value in the SBR (82 ±3 mW/m2 ) probably results from 
upward mass motion associated with Late Cenozoic lithosphere extension even though 
there has been little or no extension in much of the SBR in the last 10 m.y. The thermal 
anomaly from such regional extension is expected tcf) decay slowly with lithosphere time 
constant. On a more local scale, Cenozoic extension is believed to have removed 10- 
20 km from presently exposed mid-crustal rocks in metamorphic "core complexes." Decay 
of the associated local thermal anomaly depends on the depth and radioactivity of the 
isostatically compensating return flow. Observed mean heat flow and heat production
in core complexes are statistically indistinguishable
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complexes lie in a region surrounded by relatively high heat-flow. Implications of these 
observations for the origin of core complexes are being investigated with simple models.

North Slope of Alaska. [Deming, Sass, and Lachenbruch] In conjunction with the 
U.S. Geological Survey's exploration program in the National Petroleum Reserve, Alaska 
(NPRA), several high-resolution temperature logs were made in each of 21 drillholes be­ 
tween 1977 and 1984. These time-series of shallow (average 600 m) temperature pro­ 
files were extrapolated to infinite time to yield equilibrium temperature profiles (±0.1°C). 
Thermal gradients are inversely correlated with elevation, and vary from 22°C/km in the 
foothills of the Brooks Range to as high as 53°C/km on the coastal plain to the north. 
Shallow temperature data were supplemented with 24 equilibrium temperatures (±3-5°C) 
estimated from series of bottom-hole temperatures (BHTs) measured near the bottom of 
petroleum exploration wells. A total of 601 thermal conductivity measurements were made 
on drill cuttings and cores. Near-surface heat flow (±20%) is inversely correlated with el­ 
evation and ranges from a low of 27 mW/m2 in the foothills of the Brooks Range in the 
south, to a high of 90 mW/m2 near the north coast. Subsurface temperatures and thermal 
gradients estimated from corrected BHTs are similarly much higher on the coastal plain 
than in the foothills province to the south. Significant east-west variation in heat flow 
and subsurface temperature is also observed; higher heat flow and temperature coincide 
with higher basement topography. The observed thermal pattern is consistent with forced 
convection by a topographically driven groundwater flow system; alternative explanations 
are largely unsatisfactory. Average groundwater (Darcy) velocities in the postulated flow 
system are estimated to be of the order of 0.1 m/yr; the effective basin-scale permeability 
is estimated to be of the order of 10~ 14 m2 . Organic maturation data collected in other 
studies indicate that these systematic variations in thermal state may have persisted for 
tens of million of years. The groundwater flow system thought to be responsible for these 
variations has conceivably existed for the same period of time, and may have provided the 
driving mechanism for petroleum migration and accumulation at Prudhoe Bay.

North Slope Basin, Alaska. [Deming and Lachenbruch] A hydrogeologic model 
of coupled heat/fluid flow has been used to study regional-scale groundwater flow in the 
North Slope. Specifically, we have focused on understanding the permeability structure 
of the basin and its dependence on scale. It is important to understand permeability 
on a basin scale in order to understand long distance oil migration and the formation 
of mineral deposits such as Mississippi Valley-type lead-zinc deposits. Results from our 
numerical models reveal that the effective basin-scale permeability is constrained within 
fairly narrow limits. Numerical simulations which result in acceptable matches to the 
heat flow data are those in which the horizontal permeability is in the range 10~ 14 m2 to 
2.5 x 10~ 13 m2 , and the vertical permeability is in the range 10~ 16 m2 to 5 X 10~ 16 m2 . 
Thus, on a basin-wide scale the permeability structure is highly anisotropic. We have also 
compiled a limited number of fluid pressure measurements and about 2500 permeability 
measurements on cores. The fluid pressure measurements are generally consistent with 
regional groundwater flow as Deming et al. (1992) inferred from thermal data. Surprisingly, 
the core measurements yield permeability estimates that are essentially identical to those 
inferred from the numerical modeling, although the scale of measurement differs by a factor 
of 106 . This suggests that fluid flow through the North Slope Basin can be explained simply
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by groundwater percolating uniformly through rock pores; it is not necessary to invoke the 
existence of heterogeneities such as paleokarst solution features or other high-permeability 
channels. A manuscript reporting our research results is currently in preparation, about 
two-thirds of a first draft has been written and figures are being drafted.

Catastrophic reverse of heat and fluid flow in the continental crust [Dem-
ing] Heat may be released catastrophically from the continental crust by the onset of free 
convection in erogenic zones. Orogeny itself could create the conditions necessary for free 
convection by increasing the permeability of the crust. In the specific case of a continental 
collision zone, the conditions favoring free convection may move progressively into conti­ 
nental interiors, perhaps leading to repeated episodes of convection and related thermal 
events. Simple models and assumptions suggest that individual episodes of convective cir­ 
culation and heat release persist for periods of time of the order of 106 yr or less. The rate 
and magnitude of energy release depend upon the initial thermal state and permeability 
of the crust and the depth of fluid circulation. Estimates made from typical parameters 
indicate that the total thermal energy released from the crust is approximately equivalent 
to an increase of background heat flow from about 60 t D 200 mW/m2 for a period of 106 yr. 
A significant amount of this heat can be transported into the interior of a continent by a 
gravity-driven flow system if a continuous aquifer of sufficient permeability is present. The 
hypothesis could explain a number of phenomena attributed to tectonically driven fluids 
associated with the Alleghenian-Ouachita orogeny. These include the formation of Missis­ 
sippi Valley-type lead-zinc deposits, widespread potassic alteration, and remagnetizations. 
Although speculative, the hypothesis is consistent with our current state of knowledge 
concerning the extent of fluid circulation in the continental crust.

Newark Basin. [Williams, Sass, Moses, and Goldberg] From December 1990 through 
April 1991, six coreholes were drilled by the Lamont-Doherty Geological Observatory 
(LDGO) on a transect across the New Jersey portion of the Newark Rift Basin. The 
7 km of recovered core provides both a complete section through the Late Triassic to Early 
Jurassic basin and an opportunity to study variations in thermal properties and processes 
across the basin. The USGS and LDGO obtained a series of precision temperature logs 
in each hole after the completion of drilling. The timp series of temperature profiles have 
been extrapolated to obtain estimates of equilibrium profiles. Gradients have been com­ 
bined with core-sample thermal-conductivity measurements for estimates of near-surface 
heat flow. The typical Newark Basin temperature profile shows a significant hydrologic 
disturbance over the upper 200 to 300 m with a conductive gradient of 15 to 26°C/km 
from the base of the disturbance to total depth (1.0 to 1.3 km). Average thermal con­ 
ductivities range from 1.6 to 2.7 W/m-K, a variation controlled by relative proportions 
of quartz and alteration minerals. Preliminary heat-flow values for five of six sites range 
from 38 to 44 mW/m2 and are consistent with previous studies in the neighboring Coastal 
Plain and Valley and Ridge provinces. At one site, Martinsville, the calculated heat flow is 
approximately 33 mW/m2 . The steady increase with depth of the Martinsville geothermal 
gradient and the location of this site in an area of topographic relief suggest that ground- 
water flow with a downward velocity of 1 cm/yr may be the source of the anomalously low 
value.
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Lab instrumentation. At present, the best source of information on the variation 
of thermal conductivity in the range 0 to 350°C remains a 50-year old study by Birch and 
Clark. Those results and a limited number of more recent ones were obtained on dry rocks 
under substantial axial (but not confining) pressure. An apparatus is being developed 
that will be capable of measuring conductivity on water-saturated rocks under confining 
pressures sufficiently high to prevent boiling of pore fluids. The data set so obtained 
will be compared to measurements of acoustic velocities and mass properties on the same 
specimens over the same temperature and pressure ranges in an effort to establish a reliable 
empirical relation between petrophysical properties and thermal conductivity.

Field instrumentation. A new laptop PC-based portable logging system (PLS) has 
been developed. The new PLS provides complete hardware and software compatibility 
with the logging truck system while retaining backpack portability.
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Figure 1. Map of Central California showing the thermal 
setting for the Parkfield Region (stippled area). Numbered 
rectangular blocks are regions 4 through 6 of Lachenbruch and 
Sass (1980).
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FAULT PATTERNS AND STRAIN BUDGETS

9960-02178

Robert W. Simpson
Branch of Tectonophysics
U.S. Geological Survey

345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4865

Investigations

Calculated changes in static stress on major central California faults after the 1989 
Loma Prieta earthquake appear to correlate with observed changes in the rates of seismicity 
after the Loma Prieta earthquake. This work has been done in collaboration with Paul 
Reasenberg.

Results

Dislocation models of the Loma Prieta rupture have been used to calculate the static 
stress changes on other major faults in the region. These faults were assumed to be vertical 
in most calculations, although some consideration has also been given to dipping faults. If 
a Coulomb-type failure criterion is assumed, then, in general, an increment of right-lateral 
shear will bring these faults closer to failure, whereas an increment of left-lateral shear will 
temporarily relax the fault. If the coefficient of friction is assumed to be greater than zero, 
then an unclamping of the normal stress acting on a fault segment can also bring the fault 
closer to failure.

The calculated shear stress changes suggest that parts of the San Andreas fault north 
and south of the Loma Prieta rupture ought to be closer to failure, as well as part of the 
Calaveras fault to the east, and an offshore part of the San Gregario fault to the west. The 
fault segments that are closer to failure change in position and size as the coefficient of 
friction is varied from 0.0 to 0.7. Most parts of the Hayward fault are calculated to be 
relaxed as a result of the Loma Prieta earthquake, although the southernmost end is closer 
to failure for high coefficients of friction.

When the patterns of stressing and relaxation are compared with the observed 
seismicity rate changes calculated by Paul Reasenberg, it appears that the best agreement is 
found for low values of friction (0 to 0.2). For example, the Hayward fault has had about 
half as many micro earthquakes as normal within a 5 km window of the fault compared 
with a 10-year background period from before the Loma Prieta earthquake.

The seismicity rates dp not compare well with stress results for the San Gregorio 
fault where increased seismicity occurred in a region that was calculated to have relaxed. 
This discrepancy can possibly be explained if the seismicity was associated with oblique 
slip on dipping faults, because stress calculations show that a dipping fault in this location 
constrained to slip obliquely does come closer to failure. With the exception of the San 
Gregario discrepancy, however, the apparent correlation between calculated stress changes 
and observed seismicity rate changes is encouraging. The regional seismicity rate changes 
could be interpreted as regional aftershock (and afterquiescence) patterns. The longer term 
implications of these stress changes for large earthquakes on the other Bay Area faults 
remains unclear. Except for the stress changes on fault segments immediately adjacent to 
the Loma Prieta rupture, most of the changes have an amplitude less than a few bars or
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tenths of bars. Stresses of this magnitude are produced in a few months or years by 
inferred long-term loading rates caused by plate tectonic motions, so that any relaxation, for 
example, ought to be fairly short-lived.

The results described here for vertical faults and low friction values do not readily 
explain the two instances of paired earthquakes on the Hay ward and San Andreas faults in 
the 1800's, because earthquakes on one side of the Bay tend to yield calculated stress 
relaxations on the other side in these simple elastic models. Triggering of earthquakes 
across the Bay is more feasible if some of these earthquakes have a substantial dip-slip 
component or if high coefficients of friction are acting. Another explanation is that non- 
elastic relaxation effects, such as aseismic slip on deep detachment faults, might redistribute 
and amplify the static stress changes computed in these simple models. Yet another 
possibility might be that abrupt.relaxation, although slight, might somehow weaken the 
fault so that as long-term loading continues, the fault fails sooner than it would have if it 
had not relaxed.

Reports

Simpson, R.W., and Reasenberg, P.A., 1991, Static stress changes on nearby faults 
produced by the Loma Prieta earthquake: Eos , v. 72, p. 310.

Reasenberg, P.A., and Simpson, R.W., 1991, Regional seismicity response to static 
stress changes produced by the Loma Prieta earthquake Eos, v. 72, p. 310.
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Liquefaction potential of the northern San Francisco Bay area, Napa 1:100,000 sheet

Award 14-08-0001-G2129

Janet Sowers and Jay Noller
William Lettis & Associates

1000 Broadway, Suite 612
Oakland, CA 94607

(510) 832-3716

Liquefaction-induced ground failure is a major cause of damage to property and lifeline 
facilities during large-magnitude earthquakes. In the San Francisco Bay Area, liquefaction and 
attendant damage occurred in the 1906 San Francisco earthquake and the 1989 Loma Prieta 
Earthquake. Liquefaction does not occur randomly but is restricted to areas with a narrow range 
of geologic and hydrologic characteristics.

The purpose of this study is to compile a liquefaction potential map of the Napa 1:100,000 
sheet. The study area comprises the northern San Francisco Metropolitan Area, including the 
cities of Santa Rosa, Vallejo, Napa, Novato, Martinez, and Fairfield. These communities are 
experiencing rapid growth; the population of two north bay counties has doubled in the last 
twenty years. Pressures to develop potential seismically hazardous areas are increasing. A 
generalized map of the San Francisco Bay region published by ABAG (1980) shows large areas 
of high liquefaction potential in the study area. Holocene stream deposits, eolian sand, 
marshlands, artificial fill, and deltaic deposits are widely present in the region (Helley and others, 
1979) and are among the geologic materials of greatest concern. Six major faults capable of 
producing large earthquakes and strong ground shaking cross-cut the study area, including the 
Rodgers Creek, Green Valley, San Andreas, Hayward, Concord, and Napa faults.

This study will follow the approach of other recent California studies (Tinsley and others, 
1985, Youd and Perkins, 1987, and Dupre and Tinsley, 1980). These studies evaluated the 
distribution and character of near-surface geologic deposits and depth to groundwater, then 
assigned liquefaction susceptibility ratings to specific map units. In our proposed study, we will 
characterize near-surface deposits based on published geologic maps, aerial photographic 
interpretation, field mapping, soil stratigraphy, and existing and newly acquired borehole data. 
Groundwater data will be obtained from published reports and water- well information.

The final product from this study will be a map showing units of relative liquefaction 
potential at a scale of 1:100,000. Map units will be first delineated on 1:24,000 scale maps then 
reduced to a scale of 1:100,000 and digitally scanned into a geographic information system (GIS).
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The computer format will be compatible with geographic information systems in use by the U. 
S. Geological Survey. This map is intended to be used as a guide for planners and government 
agencies.

The project is currently in its initial stages. Work to date consists of location and acquisition 
of existing borehole data and water well data, geologic: maps, groundwater maps, and soil 
surveys. The project map and GIS database is expected lo be complete at the end of the 1992 
fiscal year.

REFERENCES
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GROUND MOTION PREDICTION AND INVERSION 
IN REALISTIC EARTH STRUCTURES

9910-03010

Paul Spudich 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-5654 or FTS 459-5654

Investigations

1. Development of a new method for inverting earthquake ground motion data to infer rupture 
behavior.

2. Investigation of the feasibility of recovering absolute stress levels from seismic radiation.

3. Investigation of the relative importance of site effects and path effects in seismograms.

1. In collaboration with John Boatwright of the USGS, we are developing a new method for 
inverting earthquake ground motions. In order to achieve better resolution of the 
earthquake rupture process, investigators have introduced progressively more realistic 
constraints on the solution obtained from ground motion inversion. Solutions have been 
sought having propagating features (Mendez and others, 1990), for example. In our work 
we seek to introduce causality rigorously as a dynamic constraint. In particular, we wish 
to obtain earthquake rupture models parameterized in terms of stress distributions on the 
fault and fault constitutive laws, such that if these derived quantities are used in an 
initial-value simulation of dynamic rupture (using, for example, the method of Das, 1981), 
the initial-value simulation produces ground motions that agree with the observed motions 
from which the stress distribution and constitutive laws were derived. We accomplish this 
in the following manner. We use Das's algorithm, with a modification to allow 
slip-weakening of the fault material, as a time-stepping data modeling program. The usual 
procedure in such a simulation is, at a particular time step and point on the fault, to 
calculate the load on that point due to the waves radiated from all other points at all 
previous times. This load and the known fault compliance specify a linear relation between 
stress change and slip that must be satisfied at the point. Usually, a particular point on this 
linear curve is selected by specifying a slip-weakening relation, and solving for the single 
point in the stress-slip domain that satisfies both the unloading curve and the slip-weakening
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law. In our method, we do not impose a slip-weakening law; rather, we determine how 
far the point on the fault slips based on the requirement that the radiated motions fit the 
observed ground motion data. From this requirement we can derive (rather than assume) 
a slip-weakening curve for the fault material.

2. It is possible to learn the absolute stress level at a subset of points on a fault from 
observation of the fault kinematics. Specifically, die points on a rupturing fault can be 
divided into two groups, those points at which the rake rotates during the rupture process, 
and those points at which the rake does not rotate. If it is true that sliding frictional 
traction is colinear with the instantaneous velocity of one side of a fault, then at the former 
group of points (having rotating rake) there is a unique absolute stress consistent with the 
motion, while at the latter group of points (having rakes that do not rotate) the absolute 
stress is unspecified by the motion. Published dislocation solutions for the 1979 Imperial 
Valley, 1986 North Palm Springs, 1987 Whittidr Narrows, and 1989 Loma Prieta, 
California, earthquakes are examined for evidence of temporal rotations of rake at the 
hypocenters and largest asperities. The 1986 North Palm Springs earthquake shows 
evidence of a possible rake rotation at the hypocenter. This may imply a low absolute 
stress level.

3. The ground motions caused by an earthquake are strongly affected by the geological 
structure at and near the site where the ground motions are observed. We often do not 
know the subsurface structure well enough to predict its response, so it would be useful to 
characterize its response empirically. Spudich and Miller (1990) used microearthquake 
seismograms to develop empirical site transfer functions. In collaboration with M. lida, we 
have extended their work to include the effects 0f waves scattered from geological 
heterogeneities (such as nearby hills, fault zones, etc.). Our goals are to locate the 
heterogeneities that scatter energy to the site and to characterize their seismic response. 
We use a set of seismograms from widely distributed local earthquakes observed at a single 
site. We apply a procedure similar to migration in order to identify local sources of 
scattered waves. Then we solve a linear inverse problem to derive empirical transfer 
functions between each scatterer and the site. We havie applied this technique to aftershocks 
of the 1986 North Palm Springs, California, earthquake. We have identified waves scattered 
from the edges of alluvial basins that are important contributors to the site response of some 
of the seismograph stations. This work may have the following uses. First, the identification 
of local sources of scattered waves will help delineate the relative importance of site and 
path effects. Second, the development of scatterer-to-site transfer functions will aid future 
prediction of ground motions at these sites. Third, these transfer functions can be used to 
convert a spatially sparse set of empirical Green's functions into a dense set. Fourth, the 
identified heterogeneities may be geologically interesting.
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OBSERVATION OF STRONG GROUND MOTIONS IN THE PACIFIC
NORTHWEST

9910-04428

Paul Spudich 
Branch of Engineering, Seismolog|y, and Geology

U.S. Geological Surrey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-5654

Investigations

The first goal of this project is to gather ground motion data from the Portland, Oregon, 
urban region suitable for inferring the relative responses of the main surficial geological 
units there, so that seismic microzonation could proceed. The shallow geology of the Port­ 
land urban area is generally fairly simple. Most surface deposits are quite young, having 
been deposited in a thin layer on a glaciated basement surface. In addition, only a few 
different types of surficial deposits comprise most of the urban region, suggesting that 
microzonation of the area might be relatively easily accomplished by measuring the seismic 
responses of a few types of deposits. The main obstacle to this type of study is that there 
are essentially no records of shaking on these deposits, and the regional seisrnicity rate is 
sufficiently low that it might be a decade before the occurrence of an earthquake large 
enough to trigger a standard strong motion accelerometer.

The second goal of this project is to ensure that if a large subduction zone event occurs in 
the Pacific Northwest, a useful data set is obtained for such a relatively rare event. The 
major obstacle to this goal is that there is a sparse network (about 10-15) accelerographs 
throughout the Cascades, and the existing instruments have no accurate clocks on them, 
making the interpretation of any recorded large shaking very difficult. During a large 
subduction zone event, the existing instruments could be expected to miss the initial P wave, 
trigger and detrigger during the extended shaking, and trigger intermittently on aftershocks. 
Without any time identification of these record segments, it will be virtually impossible to 
correlate records from station to station, and it will be very difficult to study the source 
behavior. Also, it would be very difficult to correlate aftershocks from one instrument to 
another.

The third goal of the project is to study the seismic stability of debris dams at Mt. St. 
Helens. While a debris dam on the Toutle River is instrumented with accelerometers, there
is no local free-field accelerometer that could serve as
any records obtained by the instruments on the debris dam.

a good reference station for study of
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Results

Three PASSCAL-JR (72A-06) 3-channel dual-gain 16-bit recorders were purchased from 
Refraction Technology Corp., along with three Kinemetrics 1-g FBA-23 accelerometers and 
one Omega time receivers. These three instruments will be installed in the Portland basin. 
One instrument, and the Omega time receiver, will be sited at a hard rock reference site, 
and the other two instruments will be placed at sites having surficial geological units typical 
of those common in the region. The selection of sites is being coordinated with the Oregon 
Department of Geology (DOGAMI) and with the University of Washington in Seattle. An 
agreement has been reached where the University of Washington will routinely dial up the 
RefTek instruments and recover the digital data using the GOPHER system whenever the 
university' s seismic network detects a significant event. This data will be made available 
to DOGAMI and to the USGS for analysis and archival. Because of the wide dynamic 
range of both the accelerometer and the digital recorder, it is anticipated that weak motion 
seismic data will become available within a year for study of the seismic responses of the 
typical soils in the region.

Six Kinemetrics WWVB-PCB time code receivers were purchased for installation on existing 
analog accelerometers in Oregon and Washington. These recorders will allow accurate time 
signals to be recorded with each data segment, enabling seismological analysis of the data.

All necessary hardware for a free-field site at Mt. St. Helens was purchased, including a 
Kinemetrics SMA-1, WWVB receiver, and a hut.

Reports 

None.
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STRONG MOTION INSTRUMENTATION 
FOR THE SAN FRANCISCO BAY REGION

9910-04428

Paul Spudich 
Branch of Engineering, Seismolog|y, and Geology

U.S. Geological Survey
345 Middlefield Road, MS/977
Memo Park, California f>4025

(415)319-5654

Investigations

The goal of this project is to acquire and deploy strong motion instrumentation to solve four 
major technical problems in the San Francisco Bay region. First, the pre-existing strong 
motion instrumentation layout was very irregular spatially, having large uninstrumented sec­ 
tions along major faults. Second, the previously deployed instrumentation was almost exclu­ 
sively analog, leading to long processing times and delays in the release of the data, as well 
as diminished data quality owing to the occasional need for hand digitization. Third, the 
existing strong motion instrumentation was not co-sited with high gain instrumentation, 
meaning that very little weak and strong motion data were available from the same sites. 
Fourth, many existing strong motion instruments had no accurate time receivers on them, 
making their data difficult or impossible to use for certain types of modern seismological 
analysis.

Results

The following instrumentation was purchased under this project:

1.) Ten Kinemetrics SSA-2s, which are 3-component 12-bit digital accelerographs, were 
purchased with internal FBA-23 accelerometers. A special external signal output 
plug was placed on these instruments so that ttye accelerometer output could simul­ 
taneously be recorded on the SSA-2 and also lie recorded on an external recorder. 
A Kinemetrics WWVB-PCB clock was also purchased for each of these instruments. 
It is anticipated that the telemetered digital array being jointly developed for the Bay 
Area by the Branch of Seismology and by Lawrence Berkeley Laboratory will digitize 
the accelerometer output at 16-bit resolution and incorporate this time series into 
their real-time data stream. Six of these SSA-2s will be devoted to cooperative sites, 
at Volmer Peak, Point Richmond, San Leandro, Hamilton Air Force Base, San
Bruno Mountain, and at the Pacific Park Plaza building in Emeryville. Three of the
remaining four instruments will be located at or near Calnet stations NCF, west of 
Cotati, JEG, near El Granada, and JBG, near San Gregorio. These instruments will
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improve coverage of the peninsular San Andreas fault and the Rogers Creek fault. 
The final instrument will be deployed in downtown Oakland near a site of severe 
damage in the Loma Prieta earthquake.

2.) Three Kinemetrics SSA-1 accelerographs, which are 4-channel, 3-component, 12-bit 
instruments were purchased with internal FBA-23 accelerometers. WWVB-PCB 
clocks were also purchased for these instruments. These instruments will be placed 
at joint telemetered-digital-array and dilatometer sites. The fourth channel on the 
SSA-ls will be used to record the dilatometer outputs. The sites will be at Mills 
Creek in Fremont, at Niles Canyon, and at the Coyote Hills Regional Park.

3.) Twelve WWVB-PCB clocks were purchased to add to existing analog strong motion 
instruments lacking clocks. These instruments are primarily located along the Cala- 
veras Fault. The sites to be upgraded are Dublin Fire Station, Danville Fire Station, 
Calaveras Reservoir, Los Altos Rod and Gun Club, Contra Costa Fire Station #2, 
San Jose route 101/280/680 interchange ground station, Larkspur Ferry Terminal, 
Sunol Wilderness Park, San Francisco State University, M. Maley residence, Foster 
City, Palo Alto SLAC ground station, and Pacific Park Plaza in Emeryville.

4.) Miscellaneous seismic enclosures, electrical boxes and solar panels, as needed.

At present, the equipment under items 1 and 2 have been acquired, and we are awaiting 
progress from the cooperating organizations so that installation can proceed. Equipment 
under items 3 and 4 has largely been ordered, and we are awaiting receipt.

Reports 

None.
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EARTHQUAKE LOSS ESTIMATES IN THE STATE OF 
WASHINGTON FOR INSURANCE REGULATION PURPOSES

Dr. C.E. Taylor 
Dames & Moore

911 Wilshire Boulevard, Suite 700
Los Angeles, CA 90017

(213) 683-1560

Award No. 14-08-0001-G193

Investigations Undertaken

The goal of these investigations is to develop earthquake loss estimates that address 
the following general issues:

  the adequacy of current earthquake premiums
  effects of deductibles on premiums
  loss implications of large catastrophic earthquakes
  implications of a mandatory offer among personnel lines carriers, and
  implications of hypothetical state programs for coverage of lower-level 

earthquake losses to residences.

To begin to address these issues, we have developed an earthquake risk and 
insurance method that permits (a) multiple simulations ("walkthroughs") over time of 
earthquake losses to a specific aggregation of facilities and (b) assessment of the financial 
impacts of these simulations on specific insurance structures, whether private or public. (See 
Board et al, 1984, for the generic types of models used).

To implement these methods, we have first developed largely from Census data an 
inventory of residences within five western Washington counties and Spokane. Second, we 
have developed alternative models of earthquake acuvity and strong motion attenuation 
through "rock" in the earth's crust. Third, for tiese counties, we have developed 
intermediate scale maps of strong ground motion dynamic amplification effects. Fourth, we 
have developed alternative models of the vulnerability of these residences. Fifth, simplified 
models of public and private insurance structures, respectively, were devised. Finally, loss 
estimates were calculated as means to assess their effects on these simplified insurance 
structures.
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Results Obtained

Key project results so far are

1. total dwelling structures values at risk in the six county study area are 
estimated to be $80 billion dollars; improved estimates of these values would 
require a detailed call by the State Office of Insurance Commissioner for fire 
insurance policy data.

2. Predominantly wood frame dwelling structures exhibit a broad range of 
seismic vulnerabilities; consequently, rating based on uniformly applied 
seismic standards is less reasonable that in, say, California; furthermore, 
development of rating incentives of low-cost seismic retrofits could have costly 
inspection requirements.

3. Catastrophic level losses, whether generated from the Cascadia subduction 
zone or from other earthquake sources, make it virtually impossible to have 
a full payback state residential earthquake insurance program; for such a 
program, it is easy to assure full payback 99 of 100 years, but virtually 
impossible (without huge subsidies) to assure full payback 999 of 1000 years.

4. Similar remarks apply to private personal lines earthquake insurance 
programs: surplus-to-premium ratios of 20:1 would be required to assure full 
payback for extreme catastrophic loss events, and this surplus-to-premium 
ratio would imply rates of return near inflation. For 100-year events, these 
surplus-to-premium ratio requirements drop drastically, and profitable 
underwriting is feasible.

5. These findings suggest that geographic spread of residences in the State of 
Washington is not very great, especially relative to potential large catastrophic 
loss earthquakes; further studies should analyze the feasibility of full payback 
earthquake insurance programs in which a broader geographic spread is 
assumed.

Report

Taylor, C.E., C.B. Grouse, C.W. Tillman, E. Trahern, and B. Olsen, "Earthquake 
Loss Estimates in the State of Washington for Insurance Regulation 
Purposes," report only in draft form at present.

g£:\risk\cet\insuranc.pap
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Earthquake Hazards Studies, Metropolitan Los Angeles 
Western Transverse Ranges

1-9540-02907; 2-9540-70050

R. F. Yerkes 
Branch of Western Regional Seology

345 Middlefield Road, MS 975
Menlo Park, CA 94025

(415) 329-4946

Investigations and Results

Completed and open filed digital geologic map of the Thousand Oaks 1:24,000 quadrangle, 
one of eight that make up the SW quarter of the Los Angeles 1:100,000 sheet. Geologic maps of 
adjoining Calabasas, Canoga Park, and Newbury Park 1:24,000 quads completed and in various 
stages of review. Each 1:24,000 quad includes all exploratory wells and fossil localities of 
record, with supporting data. These four quads then composited and reduced to 1:100,000 to 
test the quality of the reduction process. These five sheets were exhibited on 10/24/91 as 
ARC/INFO products of the Areal Mapping Project at the 1991 GSA National Meeting, San Diego.

ARC/INFO processing of Malibu Beach 1:24,000 qjad (adjoins Calabasas quad on the 
south) begun. This quad and those adjoining contain most exposures of the middle Miocene 
Topanga Group, a very thick, complex sequence of marine, nonmarine, and volcanic units, not 
previously mapped in its entirety. They also contain the previously recognized but 
incompletely mapped Malibu Coast fault zone and regional-scale detachment faults that 
underlie much of the Santa Monica Mountains (Campbell and others, 1966, in U.S. Geological 
Survey Prof. Paper 550-C, p. C1-C11).

Reports

Yerkes, R.F., and Showalter, P.K., 1990, Preliminary map 
bottom-hole geology and oil fields: U.S. Geological Survey 
P-, 1 Pi-

Yerkes, R.F., and Showalter, P.K., 1991, Preliminary geologic 
quadrangle, southern California: U.S. Geological Survey

Yerkes, R.F., Showalter, P.K., and Campbell, R.H., 1991, 
(30' x 60'): one of twenty in the Southern California

of exploratory well showing 
Open File Report 90-627, 50

map of the Thousand Oaks 7.5' 
Open File Report 91-288.

Los Angeles 1:100,000 quadrangle 
Areal Mapping Project [abs.]:

Geological Society of America Abstracts with Program; v. 23, n. 5, p. A477.
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Assistance for Local Implementation Strategy Development:
Puget Sound Region

Award No. 14-08-0001-G1955

Patricia A. Bolton 
Battelle Human Affairs Research Centers

4000 N.E. 41st Street 
Seattle, WA 98105-5428

(206)528-3310

Project Purpose

This project is designed to foster the application of data being collected under the 
USGS's regional earthquake hazard assessment for the Puget Sound Region to the meet the 
objective of enhanced seismic safety. This is to be accomplished by providing a significant 
opportunity for selected local agency people to both receive information and interact with 
each other. A workshop will be designed to provide the occasion for convening local 
agency personnel who have the potential for becoming leaders in promoting seismic safety, 
local professionals who have a history of advocacy for seismic safety, and selected experts. 
The participants of the workshop will be provided examples of preparedness and loss 
reduction programs that have been implemented in Washington and other states, introduced 
to any state level initiatives that may have emerged by the time of the workshop, and 
provided assistance in identifying priorities for the development of a long-term strategy for 
implementing loss reduction measures appropriate to the Puget Sound region hazard. The 
examples of existing programs will be provided in the form of an inventory of mitigation 
programs that will be prepared for distribution to workshop participants. This inventory 
also will be distributed to other jurisdictions in the Puget Sound region and to others who 
request it. The participants in the workshop will be contacted within a few months of the 
workshop and asked about any actions taken by them or their agency since the workshop.

Work Completed in FY 1991

Workshop Development. Several interviews with relevant agency personnel were 
held in an effort to identify the jurisdiction most appropriate for a workshop of this nature. 
The intention was to identify a jurisdiction in which there is some recognition of the hazard, 
and at least one or two agencies with some evident interest in mitigation, but for which a 
special focus workshop might serve as an initial catalyst to focus attention on earthquake 
loss reduction efforts for several other agencies, and promote collaborative efforts. These 
interviews were focused on Pierce County and Tacoma or Seattle and King County, 
because of known hazards in these communities, and the size of the populations at risk.

These interviews indicated that Seattle would be an appropriate jurisdiction because 
of a variety of activities such as another USGS grant awarded to the Office of Long Range 
Planning for attention to mitigation priorities, the existence of a high level inter-agency 
committee focused on disaster preparedness, and the plans for a major emergency exercise, 
using a major earthquake as the scenario, to be held in late October 1991. Enthusiasm and 
optimism for such a workshop was expressed by those approached. Several agency 
representatives already known to have a concern for seismic safety were asked to suggest 
objectives for the workshop. Respondents also suggested that the workshop be held after 
the first of the year, for strategic reasons related to the timing of the earthquake exercise, 
and budget cycles. February probably will be appropriate.
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The decision about what level of agency leadership to include at the workshop and 
the development of the agenda for the workshop is being undertaken in FY92. 
Participation is by invitation only, and will be limited to about 25 participants. Two types 
of information will be provided to workshop participants: examples of mitigation 
programs, and information of the type indicated as most wanted through a pre-workshop 
survey of the participants themselves. Informational materials and experts will be provided 
as indicated by this survey. The other half of the workshop time will be devoted to 
interactive exercises to focus attention on priorities and Implementation strategies.

Mitigation Inventory. As part of the project an annotated inventory of notable 
preparedness and mitigation programs in Washington, Utah, and California is being 
prepared to provide examples of various approaches. Programs were identified from a 
number of sources, including USGS reports, relevant newsletters, journals, and 
information centers. Each program is described using a common set of headings, such as 
program goal, the specific measure, its particular focus in terms of type of structure or 
geographic area, its implementation schedule, lead agency, cost or financing, and where 
available, any evaluative information. These descriptions are purposefully kept very short, 
to facilitate quick perusal, with the central objective being to provide a wide array of 
examples and variations to stimulate thinking, rather than to provide detailed information on 
how to implement a program.

The information is compiled from written descriptions of programs, telephone 
interviews with persons involved with the program, or both. During FY-91, six major 
programs in Utah were identified and described, including the Natural Hazards Ordinance 
for Salt Lake County, the Wasatch Front County Hazards Geologist Program, and the base 
isolation project for the Salt Lake City county/city administration building. Drafts of the 
descriptions were sent to persons who had provided information on the program, for their 
review and comment. Six programs relevant to seismic safety concerns also were 
identified in the State of Washington, and draft descriptions prepared. A fairly extensive 
range of programs have been described in writing for California, in particular in documents 
prepared for the California Seismic Safety Commission, or one of the two regional 
earthquake preparedness projects. For the project's annotated inventory, in FY91 about 13 
programs were selected from Southern Calrforrda, and another dozen from the San 
Francisco Bay region, indicating the diversity that is possible. In the first few months of 
FY92 these summaries will be completed, and the inventory produced for distribution at the 
workshop and to other agencies.

Project Products

The research products will include the annotated inventory of loss reduction 
programs in Utah, Washington, and California, a list of information needs expressed by 
agency staff invited to attend the workshop, a summary of workshop activities and 
outcomes, findings from follow-up contacts with workshop participants, and a final report 
synthesizing the various elements of the project. The workshop is purposely designed to 
work with only one combined city/county jurisdiction so participants can be focused on the 
same set of issues. Even one workshop is useful as a demonstration of an approach, and 
the documentation of the apparent strengths and weaknesses of the approach will be 
valuable for other advocates working to launch their community into activities designed to 
implement seismic safety programs.
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LOS ANGELES, CALIFORNIA, QUADRANGLE, 1:100,000-SCALE, 
GEOLOGIC MAP COMPILATION AND DIGITAL DATABASE

9950-04063

R. H. Campbell
Branch of Geologic Risk Assessment

U.S. Geological Survey
MS 922, National Center
Reston, Virginia 22092

(703) 648-6784

Investigations

Compilation efforts in 1991 have focused on the eight 7.5-minute quadrangles that 
make up the southwestern quarter of the Los Angeles 1° x 30' quadrangle, where detailed 
geologic mapping done under predecessor USGS projects and new mapping by other USGS, 
CDMG, and University geologists. The work is a joint effort with the National Geologic 
Mapping Program (NGM) Project of R. F. Yerkes (ORG, Branch of Western Regional 
Geology). Work on the compilation of the Los Angeles quadrangle is closely integrated with 
State of California (CDMG) efforts to prepare a similar compilation for the adjacent Lancaster 
1° x 30' quadrangle under COGEOMAP, and is coordinated with USGS projects in other 
branches (including WRG, BPS, and PMG) that are contributing to the map compilation, 
seismological and regional geophysical studies, and paleontological studies.

The map compilation uses GIS procedures to yield digital databases that will provide 
improved capabilities for the analysis of earthquake hazards and landslide risk. Much of the 
effort in FY 1991 involved configuring hardware and software for GIS applications, and 
developing coordinated procedures for compilation input from various sources and 
contributors. A significant diversion from the principal focus involved applications of 
hardware, software, and procedures to a probabilistic analysis of the risk of earthquake- 
triggered landslide damage in the Summit Road area of Santa Cruz County, California, which 
was severely affected by the Loma Prieta earthquake (Ms = 7.1; October 1, 1989).

Fieldwork in FY 1991 focused on evaluating parts of the Topanga, CA, quadrangle 
where geologic mapping by several workers joins published mapping by Yerkes and 
Campbell (1980). In addition, field checking of map compilations in the Newbury Park, 
Thousand Oaks, Calabasas, and Canoga Park 7.5' quadrangles was carried out with R. F. 
Yerkes (BWRG); and a reconnaissance for suitable palynological sampling sites in key 
Miocene stratigraphic sections was done with N. O. Frederiksen (BPS) and R. F. Yerkes. 
Fieldwork also included reconnaissance of sites in the vicinity of the Malibu Coast fault 
where construction excavations reportedly exposed fault offsets of Holocene materials. 
Several of these sites might be suitable for further exploration using geophysical approaches 
to identifying locations of young faulting.
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Results

1. Digital base map materials   roads, hydrologic features, and contours   have been
prepared from DLG's (roads and hydrologic features) and by scanning (contours) for
the eight 7.5' quadrangle-panels that make up the 
Angeles l:100,000-scale sheet.

southwest quarter of the Los

2. Line work for the Point Dume quadrangle-panel has been digitized and attributed;
digitizing of structural symbols, line editing, polygon attribution and plot files are in 
preparation. R. F. Yerkes has completed preliminary compilation of geologic mapping 
in the Thousand Oaks, Calabasas, Canoga Park, and Newbury Park 7.5' quadrangle 
panels and combined them with the digital base map materials (see 1, above) in 
preparation for Open-File release at l:24,000-scale.

3. The geologic map of the Point Dume 7.5' quadrangle (one of the sources for item 2
(above) has been approved (1991) by BGRA for GQ publication; it has been reviewed 
by the BETR Map Editor and revisions/responses are being prepared.

4. Studies of a 30 km2 area in the vicinity of Summit Road, Santa Cruz County, CA,
demonstrated that GIS procedures can be used to build a spatial database, which can 
be evaluated by multivariate regression analysis to develop a probability equation for 
the occurrence of earthquake-triggered landslide efvents. Probabilities calculated from 
the stochastic model can be combined with property values to forecast estimates of 
landslide risk in terms of expected losses. The results can be returned to the GIS 
environment for map display of the spatial distribution of risk (Figures 1 and 2).

Reports

Campbell, R. H., and R. L. Bernknopf, (Abstract, invited paper), Forecasting the spatial
distribution of landslide risk, Geological Society of America Abstracts with Programs, 
1991 Annual Meeting, 23, A145, 1991

Yerkes, R. F., P. K. Showalter, and R. H. Campbell, (Abstract, poster session), Los Angeles
1:100,000 quadrangle (30'x60'): One of twenty in the southern California areal
mapping project, Geological Society of America Abstracts with Programs, 1991 
Annual Meeting, 23, A477, 1991

Bernknopf, R. L., P. L. Gori, R. H. Campbell, S. P. Nishenko, and D. R. Seller, Time- 
dependent earthquake-induced landslide hazard mitigation, Fourth International 
Conference on Seismic Zonation, Proceedings, III^ 561-568, 1991
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Earth Structure and Source Parameters 

9920-01736

George L. Choy
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. NEIC reporting services. The NEIC now uses broadband data to routinely 
compute parameters such as depth from differential arrival times, radiated 
energy of an earthquake, and arrival times of late-arriving phases. These 
parameters are published in the Monthly Listing of the Preliminary Determin­ 
ation of Epicenters and in the Earthquake Data Report.

2. Effects of Earth structure on source parameters. To improve the 
accuracy of source parameters derived from waveform analysis, we are 
developing corrections for the effects of wave propagation in the Earth. 

A. Effects of pulse distortion on reading arrival times of non- 
minimum travel-time phases. From both theory and observation it 
has been we11-documented that waveforms of body waves that propa­ 
gate past internal caustics suffer severe phase distortion. The 
accuracy and/or resolution of tomographic inversions involving 
such phases may be affected by the accuracy with which arrival 
times of these phases are read.

B. Effects of attenuation on the computation of source parameters* 
We are developing techniques to determine the depth- and 
frequency-dependence of attenuation in the Earth. Resolution of 
this frequency dependence requires analysis of a continuous 
frequency band from several Hz to tens of seconds. It also 
requires consideration of the contributions of scattering and slab 
diffraction to apparent broadening of a pulse.

C. Use of differential travel-time anomalies to infer lateral hetero­ 
geneity. We are investigating lateral heterogeneity in the Earth 
by analyzing differential travel times of phases that differ in 
ray path only in very narrow regions of the Earth. Because such 
phases often are associated with complications near a cusp or 
caustic, their arrival times can not be accurately read without 
special consideration of the effects of propagation in the Earth 
as well as additional processing to enhance arrivals. 

D. Body-wave interactions with upper mantle structure. With the 
proliferation of digitally recording broadband networks around 
the world (including the USNSN), new techniques must be developed 
for the interpretation of seismic phases recorded at regional 
distances. We are generating a data base of synthetic seismograms 
of body-wave interactions with various upper mantle models of the
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Earth. A comparison of the differences in the theoretical seismo- 
grams will be used to infer regional upper mantle structure.

3. Rupture process of large- and moderate-sifced earthquakes. We are using
digitally recorded broadband waveforms to characterize the rupture process 
of selected intraplate and subduction-zone earthquakes. The rupture 
processes thus delineated are used to complement seismicity patterns to
formulate a tectonic interpretation of the ep: 

Results

[central regions,

1. Reporting Services. The NEIC now uses broadband waveforms to routinely: 
(1) resolve depths of all earthquakes with m, > 5.8; (2) resolve polarities 
of depth phases to help constrain first-motion solutions; (3) present as 
representative digital waveforms in the monthly PDE's; and (4) compute the 
energy radiated by earthquakes. In the Monthly Listings of the PDE covering 
the interval October 1990 to March 1991, depths using differential arrival 
times from broadband waveforms were computed for 40 earthquakes; radiated 
energies were computed for 53 earthquakes.

2. Effects of Earth structure on source parameters.
A. Arrival times of pulse-distorted body waves. Body waves that

touch internal caustics in the Earth are distorted in a way that 
can be mathematically corrected by Hilbert transformation. As a 
significant amount of teleseismic data used by the NEIC is in 
digital form, this correction can now be routinely performed. An 
automated processing package combining the methods of Choy and 
Richards (1975) and Harvey and Choy (1982) is now being imple­ 
mented to obtain distortion free broadband waveforms for process­ 
ing by NEIC analysts.

B. Attenuation in the Earth. We are attempting to separate intrinsic 
attenuation from scattering in waveforms. We synthesize waveforms 
using a method that simultaneously Models causal attenuation and 
source finiteness. Under the assumption that intrinsic attenua­ 
tion can be described by minimum phase operators, we can attribute 
discrepancies in the waveforms to scattering.

C. Lateral heterogeneity from differential travel times. We have 
developed a source-deconvolution technique that resolves differ­ 
ential travel times of body waves n^ar cusps and caustics. Appli­ 
cation of this algorithm to PKP waves sampling the inner core 
suggests that regional velocity variations exist within the upper 
200 km of the inner core. In reading high-quality arrival times 
of branches of PKP, we are correcting for pulse distortion in the 
AB arrival. The accumulation of these data can be used to deter­ 
mine if pulse distortion phenomena have biased the historical 
catalogs which have seen extensive use lately in deriving models 
of lateral heterogeneity.

D. Body-^wave interactions with upper mantle. Synthetic seismograms 
generated for P and S waves interacting with the upper mantle are 
sensitive to differences in velocity contrasts, velocity gradi­ 
ents, and attenuation at the 420- acid 670-km discontinuities. 
Major contributions to waveform shape come from later arrivals
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such as interference head waves and cusp-diffracted waves. In 
waveform data with sufficient broad bandwidth, these features can 
be identified and used to infer acceptable models of the upper 
mantle.

3. Rupture processes. On a worldwide basis, the relative paucity of near- 
field recording instruments hinders the prediction of strong ground motion 
radiated by earthquakes. We have developed a method of computing radiated 
energy and acceleration spectrum from direct measurements of teleseisinically 
recorded broadband body waves. Using this algorithm, we have derived 
acceleration spectra for a series of shallow intraplate earthquakes that 
might occur in northeastern North America. In addition to deriving 
acceleration levels and stress drops for intraplate earthquakes over a wide 
magnitude range, we find that the shapes of acceleration spectra from 
intraplate earthquakes are systematically different from those of subduction 
zone earthquakes. These spectral differences are used to infer differences 
in the mechanics of rupture in intraplate and subduction zone environments. 
Large subduction zone earthquakes likely occur in throughgoing fault zones 
which serve as stress concentrators. Similar throughgoing fault zones are 
lacking in cratonic crust, thus restricting large intraplate earthquakes to 
relatively shallow depths.

Reports

Boatwright, J., and Choy, G. L., 1991, Acceleration source spectra antici­ 
pated for large earthquakes in northeastern North America: Journal of 
Geophysical Research (submitted).

Bowman, J. R., Choy, G. L. and Dewey, J. W., 1991, Source process of the 
1988 Tennant Creek, Australia earthquakes from teleseisinic and local 
observations [abs.]: Abstracts of the 20th General Assembly of IUGG, 
p. 51.

Choy, G. L., and Boatwright, J., 1991, Estimates of radiated energy from 
global digital seismic data Global seismicity of 1986-1990 [abs.]: 
Abstracts of 20th General Assembly of IUGG, p. 215.

Choy, G. L., and Presgrave, B. W., 1991, On the use of pulse-distorted body 
waves in observatory practice [abs.]: Abstracts of the 20th General 
Assembly of IUGG, p. 271.
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Estimation of Site Effects on Earthquake 
Strong Ground Motion in San Diego, California

Project Number 14-08-0001-G1782

Steve Day and Harold Magistrate
San Diego State University

Department of Geological Sciences
San Diego, California 92182

(619) 594-5586

Introduction

We are using a portable seismic array to record local earthquakes at numerous sites 
representing the range of different near-surface geologies present in San Diego. Site 
effects on strong motion can be forecast from analysis of these weak motion records.

The San Diego area can be divided into five geologic categories: (1) Low-relief, 
crystalline bedrock sites; (2) High-relief crystalline bedrock sites; (3) Holocene alluvium 
and artificial fill; (4) Areas of thick, older (Pliocene to Pleistocene) alluvium or soft 
sedimentary rock; and (5) Mesa areas with thin Plio-Pleistocene terrace deposits over 
horizontal Cretaceous to Eocene sedimentary rocks <>ver crystalline basement. We wish 
to characterize the relative site response of these distinct site types, and the variability of 
response within each site type. Preliminary data ana ysis will estimate site amplification
by constructing Fourier spectral ratios of records 
records.

from study sites to reference site

Data Collection

The portable seismic array consists of six Kinemetrics SSR-1 solid state digital 
recorders with Sprengnether S-6000 2 Hz, 3-component sensors recording in a triggered 
mode at 200 samples per second per component. A typical quiet site will trigger on and 
record every ML >2.5 earthquake within 150 km. The array has recorded earthquakes 
from the San Jacinto, Elsinore, and Rose Canyon fault zones, from offshore faults, from 
faults in northern Baja California, and from the Transverse Ranges. We thus have 
sources from a range of azimuths and distances.

Data collection is currently underway. We have occupied 10 sites, representing site 
types 1, 2, 3 and 4 (Figure 1). Two type 1 sites are kept fixed as reference sites. Each 
site is occupied long enough to record 20 to 40 eiirthquakes, usually 2 to 4 months. 
Sites have been on city and private property. Obtaining permits for land use has been
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very time consuming, but we will soon obtain permits for sites on Navy, Fish and 
Wildlife Service, and other city properties.

Observations

Seismograms of a nearby earthquake (Figure 2) illustrate the variation in site 
response between site types 1, 2, and 3. Spectral ratios (Figure 3) show that the 
Holocene alluvium site (in Mission Valley) has an amplification of 10-20 times relative 
to the low-relief crystalline bedrock site in the range of 2 to 10 Hz.
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San Diego Sites
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Figure 1. Recording site locations. Numbers by each site are keyed to the geological 
categories listed in the text. Letters are keyed to the seismograms in Figure 2. Squares 
indicate sites currently or already occupied. Circles indicate sites for which permitting is 
underway or that will be soon occupied. Triangles indicate sites under investigation. 
Diamond shows downtown San Diego. RCFZ=Rose Canyon fault zone.
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earthquake recorded at a variety of sites (see Figure 1). Note the resonance at site A 
following the S-wave arrival due to the presence of Holocene alluvium under the site. 
Site B exhibits a higher amplitude S-wave coda than the other granite sites, which may 
be due to topographic effects. Instrument response is not removed.
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INTEGRATING EARTHQUAKE CASAULTIES INTO LOSS ESTIMATION;
INTEGRATING EARTHQUAKE CASUALTIES INTO LOSS ESTIMATION

FOR NEW MADRID SEISMIC ZONE COMMUNITIES

Grant No. 14-08-0001-Gl974 
Grant No. 14-08-0001-G2002

Michael E. Durkin 
Michael E. Durkin and Associates

22922 Leonora Drive 
Woodland Hills, California 91367

(818) 704-1493

Research Background

The major purpose of our overall project is to develop a comprehensive 
earthquake casualty estimation process that is useable at the regional 
level by organizations and individuals involved in earthquake hazard 
reduction. In Phase One, we analyzed existing casualty estimation methods 
and assessed their utility given our extensive yet still emerging data 
bases; further, we assessed these models" ability to be integrated into 
existing loss estimation models. In the current phase, year two, we are 
developing a prototypical, regional casualty estimation model and testing 
this model in three regional areas - the central US, the Pacific Northwest, 
and the San Francisco Bay Area.

The prototypical, casualty estimation model is based, in part, on 
findings from selective studies of injury, health care utilization, and 
health care response patterns in the Loma Prieta earthquake. These 
findings, summarized below, illustrate several specific demand and supply 
factors useful in developing earthquake casualty estimation models and in 
designing more effective emergency preparedness and response programs.

Selected Findings

So far, our Loma Prieta assessment has included work-related injuries 
and illnesses from the entire affected region. We also performed a case 
study of emergency medical response in heavily damaged Santa Cruz County. 
The injury pattern analysis found: 1) almost all fatalities and most 
serious injuries were associated with structural failure, 2) the majority 
of fatalities and serious casualties came from a small number of damaged 
buildings, most notably the Cypress Viaduct collapse, 3) falling sections 
of URM buildings, striking passersby and falling on top of other buildings, 
caused deaths and serious injuries, 4) occupant contact with nonstructural 
elements and building contents was the major source of minor injuries. 5) 
while interior nonstructural elements and building contents posed a 
relatively low risk of serious injury, certain elements and settings were 
particularly hazardous, and 6) occupant actions contributed to injuries  
with many victims injured while attempting to take protective actions.
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On the supply side, the health care utilization analysis found that 
sixty percent of the victims were treated in non-hospital settings. The 
health service response case study found thatj 1) the Santa Cruz 9-1-1 
emergency response system was severly taxed, llmt remained functional and 
responsive, 2) advanced life support transports were fewer than normal, 3) 
the Santa Cruz County medical system was able to accomodate the injury load 
because the health care system was extensive. Although initially disrupted, 
the three community hospitals did not suffer severe structural damage, and 
the demand for major medical care was light. A revised 9-1-1 EMS disaster 
procedure based on this experience is expected to substantially improve 
disaster management of limited ambulance resources, while maintaining rapid 
call processing. We also review existing earthquake casualty estimation 
procedures to bring casualty estimation in line with current research 
results.

These findings have three major implications for earthquake casualty 
modeling: 1) structural damage potential remains the major predictor of 
serious earthquake casualties, but non-structural performance remains a key 
source of minor injuries remains a key source of minor injuries and a 
potential risk for major ones; 2) casualty estimates based exclusively on 
hospitalization data may greatly underestimate the true earthquake sourced 
medical demand; and, 3) future casualty models should estimate the 
resiliency of the entire local health care system.

Other Current Activities

We are presently collecting initial background data, developing 
criteria for site selection, determining candidate subregions, and 
designing an evaluation procedure to test the protypical applications. 
We are first testing the prototypical, casualty estimation model in 
northern California's Santa Cruz County. Next, we will apply the lessons 
learned from this application to subsequent tests in the New Madrid and 
Puget Sound areas.

Additional Project Publications

Durkin, Michael, E., "Integrating Earthquake Casualty And Loss 
Estimation: Recent Research Findings And Model Development," 
provisionally accepted for oral presentation at the 10th World 
Conference on Earthquake Engineering, Madrid, July 1992 and for 
publication in the conference proceedings.

Durkin, Michael, E., and Charles C. Thiel, Jr., "Improving Public 
Policy Aimed at Earthquake Casualty Reduction," accepted for the 
Earthquake Spectra: Public Policy Theme Issue. To be published: 
February 1992.
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Durkin, Michael E., Charles C. Thiel, Jr., and James Schneider, 
"Casualties And Emergency Medical Response In The Loma Prieta 
Earthquake:Implications For Casualty Estimation And Hazard Reduction," 
invited chapter contribution for the National Earthquake Hazards 
Reduction Program Report To Congress On The Loma Prieta Earthquake. 
Publication expected in 1992.

Roces, C.R., M.M. Dayrit, M.E. White, M.E. Durkin, "Risk Factors For 
Injuries Due To The 1990 Earthquake In Luzon, Philippines," accepted 
for publication by the Bulletin of the World Health Organization 
(publication forthcoming).

Thiel, C.C., Hiatt, D., J. Schneider, and M. Durkin, "9-1-1 Emergency 
Response In Santa Cruz County In The Loma Prieta Earthquake 
Earthquake," accepted for publication in the Journal of Pre-Hospital 
Care and Disaster Medicine (publication forthcoming).

Durkin, Michael E., and Charles C. Thiel, Jr.,"Earthquakes: A Primer 
For The Mental Health Professions," submitted to the Journal of Social 
Behavior and Personality. Under review.

Durkin, Michael E., "Social Impacts And Emergency Response," in A.J. 
Schiff (editor) Philippine Earthquake Reconnaissance Report, 
Earthquake Spectra, Supplement A to Volume 7, October 1991, 115-130.

Durkin, Michael E., Charles C. Thiel Jr., James E. Schneider, and Teri 
DeVriend, "Injuries And Emergency Medical Response In The Loma Prieta 
Earthquake," Bulletin of the Seismological Society of America, Vol. 
81, No. 5, October 1991, pp. 2143-2166.

Durkin, Michael E., "Estimating Casualties in Earthquakes: An 
Assessment," in the Proceedings of the Fourth International Conference 
on Seismic Zonation. August 1991.

Durkin, Michael E., and Charles C. Thiel, Jr., "Integrating Earthquake 
Casualty And Loss Estimation," The Proceedings Of The Workshop On 
Modelling Earthquake Casualties For Planning And Response (Sacramento, 
CA: VSP Associates and California Medical Services Authority, co- 
sponsors) 1991.
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Frequency and Survivability Profiles of Highway Bridges 
Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon

14-08-0001-G1698

Ralph Alan Dusseau, Ph.D., P.E. 
Associate Professor

Takaaki Kagawa, Ph.D., P.E. 
Associate Professor

Wayne State University
5050 Anthony Wayne Crive
Detroit, Michigan 48202

(313) 577-3842

Bridges Under Analysis

During the third year of this USGS-NEHRP project, the principal goal is 
to develop a procedure for finite element computer modeling and time-history 
seismic analysis of medium-length reinforced concrete box-girder bridges. To 
this end, three such bridges owned by the Washington State Department of 
Transportation (WSDOT) have been chosen for analysis:

1. The Benson Road Undercrossing - WSDOT Bridg^ 405/17.

2. The Westbound Northeast 72nd Place Undercrossing - WSDOT Bridge 405/50 N.

3. The Eastbound Northeast 124th Place Undercrdssing - WSDOT Bridge 405/57 S.

General comments with respect to the three bridges that are under analysis are 
as follows:

1. Each of the three bridges has four spans with five supports.

2. The support foundations for all three bridges are spread footings.

3. The three intermediate supports (Supports #2, #3, and #4) for all three 
bridges consist of a single 5.00-foot diameter reinforced concrete column.

4. The key differences between WSDOT Bridges 405/17, 405/50 N, and 405/57 S 
are the maximum span lengths, which are 78 feet, 111 feet, and 143 feet, 
respectively, and the corresponding differences in the box-girder cell 
heights, which are 3.81 feet, 5.40 feet, and 7.73 feet, respectively.

5. WSDOT Bridges 405/50 N and 405/57 S have nearly-identical twins - WSDOT 
Bridges 405/50 S and 405/57 N, respectively.i

6. WSDOT Bridges 405/17 and 405/50 N have sharii horizontal curves, while WSDOT 
Bridge 405/57 S is straight.

7. WSDOT Bridges 405/50 N and 405/57 S each have three box-girder cells, while 
WSDOT Bridge 405/17 has four box-girder cells.
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A summary of additional information on the three medium-length reinforced 
concrete box-girder bridges currently being analyzed is contained in Table 1. 
This information was taken from the 1-5 Bridge Database which is currently 
being developed at Wayne State University (1, 2, 3). The definitions for each 
item in Table 1 are discussed in Reference 3. Additional comments with 
respect to the information contained in Table 1 are as follows:

1. The locations referred to in Table 1 are measured along the centerline of 
each bridge beginning at the western-most abutment (Support #1) and 
proceeding toward the eastern-most abutment (Support #5).

2. The mile posts for 1-405 in Washington State are measured from the
southern-most point on 1-405 which is at the junction of 1-5 and 1-405 in 
Tukwila, Washington.

3. The steel roller joints for WSDOT Bridge 405/17 are expansion joints which 
allow free translation and rotation of the bridge deck at the abutments, 
while the column hinges for WSDOT Bridges 405/50 N and 405/57 S are joints 
that allow limited rotation of the support columns with no translations.

During the second year of this USGS-NEHRP project, field ambient 
vibration analyses were performed on selected spans of WSDOT Bridges 405/17, 
405/50 N, and 405/57 S (4, 5). The natural frequencies derived from these 
analyses will be used during the third year of the project to develop accurate 
finite element models of each bridge. These models will then be analyzed 
utilizing time-history seismic analysis.

References

1. Dusseau, R. A., "Frequency and Survivability Profiles of Highway Bridges 
Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon," 
Summaries of Technical Reports, U.S. Geological Survey, Menlo Park, 
California, Volume XXVIII, Open-File Report 89-453, July 1989.

2. Dusseau, R. A., "Frequency and Survivability Profiles of Highway Bridges 
Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon," 
Summaries of Technical Reports, U.S. Geological Survey, Menlo Park, 
California, Volume XXIX, Open-File Report 90-54, December 1989.

3. Dusseau, R. A., "Frequency and Survivability Profiles of Highway Bridges 
Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon," 
Summaries of Technical Reports, U.S. Geological Survey, Menlo Park, 
California, Volume XXX, Open-File Report 90-334, July 1990.

4. Dusseau, R. A., "Frequency and Survivability Profiles of Highway Bridges 
Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon," 
Summaries of Technical Reports, U.S. Geological Survey, Menlo Park, 
California, Volume XXXI, Open-File Report 90-680, December 1990.

5. Dusseau, R. A., "Frequency and Survivability Profiles of Highway Bridges 
Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon," 
Summaries of Technical Reports, U.S. Geological Survey, Menlo Park, 
California, Volume XXXII, Open-File Report 91-352, July 1991.

935



IV

TABLE 1. DATABASE INFORMATION ON REINFORCED CONCRETE BOX-GIRDER BRIDGES

ITEMS WSDOT BRIDGE   >

SPAN LENGTHS 1

2

3

4

TOTAL BRIDGE LENGTH

MILE POST

YEAR BRIDGE WAS DESIGNED

BRIDGE COMPASS BEARING

BEARING LOCATION

OVERALL DECK WIDTH

NUMBER OF CELLS

MAXIMUM DECK THICKNESS

MINIMUM DECK THICKNESS

MAXIMUM WALL THICKNESS

MINIMUM WALL THICKNESS

MAXIMUM BOTTOM THICKNESS

MINIMUM BOTTOM THICKNESS

MAXIMUM CELL HEIGHT

MINIMUM CELL HEIGHT

MAXIMUM CELL WIDTH

MINIMUM CELL WIDTH

MAXIMUM TOP WIDTH

MINIMUM TOP WIDTH

MAXIMUM BOTTOM WIDTH

MINIMUM BOTTOM WIDTH

405/17

60.46 feet

78.00 feet

78.00 feet

60.46 feet

277 feet

2.86 miles

1962

S 09° 16' 00" E

318.82 feet

38.33 feet

4

6.50 inches

6.50 inches

0.92 feet

0.67 feet

0.50 feet

0.50 feet

3.81 feet

3.81 feet

7.63 feet

7.50 feet

30.50 feet

30.25 feet

30.50 feet

30.25 feet

405/50 N

111.00 feet

97.81 feet

97.81 feet

111.00 feet

418 feet

17.45 miles

1969

N 23° 33' 19" E

- 357.00 feet

29.63 feet

3

7.50 inches

7.50 inches

1.00 feet

0.75 feet

0.58 feet

0.58 feet

5.40 feet

5.40 feet

8.48 feet

7.00 feet

24.25 feet

24.00 feet

2^.25 feet

22.00 feet

405/57 S

78.00 feet

143.00 feet

143.00 feet

78.00 feet

442 feet

20.31 miles

1969

S 62° 53' 07" E

0.00 feet

33.17 feet

3

7.50 inches

7.50 inches

1.00 feet

0.67 feet

0.58 feet

0.58 feet

7.73 feet

7.73 feet

9.58 feet

7.67 feet

26.25 feet

26.00 feet

23.25 feet

23.00 feet

936



IV

TABLE 1. (continued)

ITEMS WSDOT BRIDGE   >

CONCRETE BOX-GIRDER
/trturmcroo rv/tr

STRENGTH ABUTMENT

SUPPORT

FOUNDATION

FOUNDATION TYPE

FOUNDATION CAPACITY

FOUNDATION LENGTH

FOUNDATION WIDTH

FOUNDATION THICKNESS

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

405/17

4,000 lb/in2

3,000 lb/in2

4,000 lb/in2

3,000 lb/in2

spread footing

16.00 kips/ft2

16.00 kips/ft2

16.00 kips/ft2

16.00 kips/ft2

16.00 kips/ft2

39.50 feet

16.00 feet

17.00 feet

16.00 feet

39.50 feet

12.50 feet

13.00 feet

13.00 feet

13.00 feet

12.50 feet

2.00 feet

3.00 feet

3.00 feet

3.00 feet

2.00 feet

405/50 N

4,000 lb/in2

4,000 lb/in2

4,000 lb/in2

3,000 lb/in2

spread footing

6.00 kips/ft2

8.00 kips/ft2

8.00 kips/ft2

8.00 kips/ft2

4.00 kips/ft2

10.00 feet

18.00 feet

18.00 feet

18.00 feet

10.50 feet

13.00 feet

18.00 feet

18.00 feet

18.00 feet

13.00 feet

2.25 feet

3.50 feet

3.50 feet

3.50 feet

2.25 feet

405/57 S

4,000 lb/in2

4,000 lb/in2

4,000 1b/in2

3,000 lb/in2

spread footing

8.00 kips/ft2

8.00 kips/ft2

8.00 kips/ft*

8.00 kips/ft2

8.00 kips/ft*

9.00 feet

20.00 feet

20.00 feet

20.00 feet

9.00 feet

12.00 feet

20.00 feet

20.00 feet

20.00 feet

12.00 feet

2.25 feet

3.50 feet

3.50 feet

3.50 feet

2.25 feet
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TABLE 1. (continued)

ITEMS WSDOT BRIDGE

TYPE OF SUPPORTS

NUMBER OF SUPPORTS

SUPPORT WIDTH

SUPPORT SIZE

SUPPORT HEIGHT

  _ \

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

1

2

3

4

5

405/17

concrete wall

concrete column

concrete column

concrete column

concrete wall

1

1

1

1

1

39.50 feet

not applicable

not applicable

not applicable

39.50 feet

1.50 feet thick

5.00 ft. diameter

5.00 ft. diameter

5.00 ft. diameter

1.50 feet thick

23.57 feet

33.24 feet

33.85 feet

39.11 feet

22.71 feet

405/50 N

concrete columns

concrete column

cor crete column

concrete column

concrete columns

2

1

1

1

2

17.83 feet

not} applicable

not! applicable

not applicable

14.67 feet

2.92 feet square

5.00 ft. diameter

5.oc( ft. diameter

5.00 ft. diameter

2.92 feet square

14.75 feet

37.69 feet

^1.23 feet

o7.48 feet

14.68 feet

405/57 S

braced columns

concrete column

concrete column

concrete column

braced columns

2

1

1

1

2

15.00 feet

not applicable

not applicable

not applicable

15.00 feet

2.92 feet square

5.00 ft. diameter

5.00 ft. diameter

5.00 ft. diameter

2.92 feet square

42.45 feet

45.50 feet

41.41 feet

37.69 feet

28.52 feet
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TABLE 1. (continued)

ITEMS | WSDOT BRIDGE   >

JOINT TYPE

JOINT SEAT LOCATION

JOINT SEAT WIDTH

JOINT CLEARANCE

DECK TILT

DECK TILT LOCATION

1

2

1

2

1

2

1

2

1

2

3

1

2

3

LEFT ABUTMENT ELEVATION

RIGHT ABUTMENT ELEVATION

HORIZONTAL RADIUS

BENT SKEW

SKEW LOCATION

VERTICAL ROAD SLOPE #1

POINT OF VERTICAL CURVE

VERTICAL ROAD SLOPE #2

VERTICAL CURVE LENGTH

405/17

steel rollers

steel rollers

0.00 feet

276.90 feet

1.79 feet

1.79 feet

3.00 inches

3.00 inches

6.00 percent

6.00 percent

5.70 percent

0.00 feet

268.80 feet

276.90 feet

96.07 feet

106.71 feet

716.30 feet

0.00 degrees

all

4.76 percent

77.41 feet

3.48 percent

200 feet

405/50 N

column hinges

column hinges

0.00 feet

417.62 feet

2.92 feet

2.92 feet

0.00 inches

0.00 inches

4.00 percent

all

354.81 feet

365.45 feet

563.00 feet

0.00 degrees

all

8.00 percent

123.93 feet

0.25 percent

150 feet

405/57 S

column hinges

column hinges

0.00 feet

442.00 feet

2.92 feet

2.92 feet

0.00 inches

0.00 inches

2.00 percent

all

150.45 feet

158.52 feet

infinity

0.00 degrees

all

5.24 percent

279.10 feet

- 3.61 percent

500 feet
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Global Seismicity Mapping 

9920-04321

Susan K. Goter
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Ceflter

Box 25046, Mail Stop 969
Denver, Colorado $0225

(303) 236-1506

Investigations

1. State and Regional Seismicity Maps. Produce and distribute seismicity 
maps on shaded, elevation-tinted state map bases.

2. U.S. Seismicity Map. Produce and distribute a full-color map showing 
earthquakes plotted on a shaded, elevation-tiftted base map of the U.S.

3. North America Seismicity Poster. Produce and distribute a poster 
showing earthquakes plotted on a Landsat irnag^ of North America.

Results

1. State and Regional Seismicity Maps. The aim of the seismicity maps is 
to provide the most complete picture possible of where earthquakes have 
occurred historically in relation to geographic, geomorphic, and cultural 
features. This is accomplished by selecting or compiling an earthquake 
database that is then plotted and printed on a shaded, elevation-tinted base 
map.

Since this project began in 1988, state seismicity maps have been completed 
for California, Hawaii, Alaska, and Utah. Work is currently underway to 
produce a similar map for Southern California, which will show earthquakes 
that occurred from 1978-1991. Over 120,000 earthquakes are represented on 
this map.

The resulting full-color maps are distributed to the research community 
worldwide, as well as to each high school in the state covered by the map.

2. U.S. Seismicity Map. Work is currently underway to produce a large 
(approximately 37" x 58") full-color map showing earthquakes in the U.S. 
from 1534 to 1990. Symbols are plotted at epicentral locations and symbol 
sizes are scaled into four magnitude categories. Earthquakes that occurred 
since 1975 are distinguished from earlier events by the intensity of color 
of the epicenter symbol. Nearly 60,000 earthquakes are represented on this 
map.

The resulting maps are distributed to the 
will be available for purchase.

research community worldwide and
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3. North America Seismicity Poster. Work is currently underway to produce 
a full-color poster showing earthquakes in North America on a false-color 
Landsat mosaic image. Earthquakes that occurred from 1980-1990 will be 
plotted on this poster. The color of the epicenter symbol will distinguish 
the hypocentral depth of the event.

The resulting poster will be distributed to the research community worldwide 
and will be available for purchase.

Reports

Goter, S. K. , 1992, Earthquakes in the United States, 1534-1990 (in
preparation).

Goter, S. K. , 1992, Southern California earthquakes (in preparation). 
Goter, S. K., 1992, Earthquakes in North America, 1980-1990 (in

preparation).
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Regional Microearthquake Network in the 
Central Mississippi Valley

14-08-0001-A0619

Robert B. Herrmaiin
Department of Earth and Atmospheric Sciences 

Saint Louis University
3507 Laclede Ave.

St. Louis, MO 63103
(314)658-3131

Investigations
The purpose of the network is to monitor seismic activity in the Central 

Mississippi Valley Seismic zone, in which the large 1811-1812 New Madrid

University for the U.S. Geological Survey and
mission. Figure 1 shows 93 earthquakes located within a 4° x 5° region cen­ 
tered on 36.5°N and 89.5°W. The magnitudes are indicated by the size of the
open symbols. Figure 2 shows the locations

gives a summary of network 
year 1991, as reported in Net-

earthquakes occurred. The following section 
observations during the first six months of the 
work Quarterly Bulletins No. 67 and 68.

Results
In the first six months of 1991, 94 earthquakes were located by the 40 sta­ 

tion regional telemetered microearthquake network operated by Saint Louis
the Nuclear Regulatory Com-

and magnitudes of 81 earth­
quakes located within a 1.5° x 1.5° region centered at 36.25°N and 89.75°W.

In the first six months of 1991, 67 teleseisms were recorded by the PDF 
11/34 microcomputer. Epicentral coordinates were determined by assuming a 
plane wave front propagating across the network and using travel-time 
curves to determine back azimuth and slowness, and by assuming a focal 
depth of 15 kilometers using spherical geometry. Arrival time information for 
teleseismic P and PKP phases has been published in the quarterly earthquake 
bulletin.

The significant earthquakes occurring in the first six months of 1991 
include the following:

January 23 (0925 UTC). Southern Illinois. mLg 3.0 (NEIS). Felt (V) 
at Whittington; (IV) at Logan and West Frankfort; (III) at Benton, 
Buckner, Orient and Sesser.

February 11 (0000 UTC). Tennessee. MD 3.0 (SLM). Felt (II) at 
Blytheville and Gosnell, Arkansas.

March 19 (1921 UTC). New Madrid, Missouri Region. MD 2.6 
(SLM). Felt in southeastern Missouri.
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April 16 (0406 UTC). Southern Indiana. mLg 3.0 (NEIS). Felt in 
the Olney, Illinois area.

May 4 (0118 UTC). New Madrid, Missouri Region. mLg 5.0 (BLA), 
4.9 (TUL), 4.6 (NEIS). Slight damage (VI) at Campbell, Bloomfield, 
Gideon, Maiden, New Madrid, Risco and Tallapoosa. Also slight 
damage (VI) at Corning, Marmaduke and Pocahontas, Arkansas. 
Felt (V) in many areas of southeastern Missouri and northeastern 
Arkansas. Also felt (V) at Memphis, Bogota and Tiptonville, 
Tennessee. Felt in parts of Arkansas, Illinois, Kentucky, Missis­ 
sippi, Missouri and Tennessee.

An initial attempt was made to model the broadband recordings at the 
IRIS station, CCM, of the September 26, 1990 and the May 4, 1991 earth­ 
quakes. These are shown in Figures 3 and 4, respectively. Each figure shows 
the observed and predicted data, after both have been processed to look like 
World Wide Long Period seismograms with a 15 second seismometer and 100 
second galvanometer with peak magnification of 1.0. The trace amplitudes are 
in units of centimeters. The mechanism parameters and moment (in units of 
1020 dyne-cm ) are listed at the bottom, at the focal mechanism is plotted to 
the right. The focal mechanism for the September 26, 1990 event is not well 
constrained by regional network data, due to its location. Thus the waveform 
modeling is necessary to constrain the mechanism. On the other hand the 
May 4, 1991 event was within the densest portion of the network, and in 
addition, was within the current Memphis State University PANDA deploy­ 
ment.

As a first step, a simple four layered crustal model was used. This model 
was then modified to explain the surface wave arrivals by using a simple 
cross correlation technique to derive appropriate phase velocities for the path, 
which were then inverted to form a new model. Even though a formal earth 
model inversion was not performed, fitting these two events required dif­ 
ferent earth models, indicating the sensitivity of such good data so earth 
model information.

The analysis of the May 4, 1991 event illustrates the importance of 
cooperative, multiple monitoring of earthquakes in the region. The IRIS data 
provided a tight seismic moment value, the PANDA deployment gave focal 
mechanism and depth, and the Lamont/NCEER strong motion accelerogram 
deployment gave a corner frequency of 2.8-3.2Hz, indicating a stress drop of 
100 bars with the CCM moment (Friberg et al, 1991).

References
Friberg, P.., K. Jacob, and S. Hough (1991). Analysis of strong-motion data

from the Maiden Missouri earthquakes of May 4, 1991 (abs), Seism. Res.
Letters 62, (in press).

943



IV

37.0

36.0

35.0-

34.0

km
 =

25

-91.5 -90.5 -89.5 -88.5

FIGURE 1
CUMULATIVE EVENTS 01 JAN 1991 TO 30 JUN 1991 

LEGEND : A STATION o EPICENTER

37.0

36.0

35.0

MAGNITUDE ^T~\

o O

0 1 2i

o n
\ _ /

^ /\ _ /
34 5

34.0
-87.5

944



36.0-

35.5
-90.5 -90.0 -89.5

MAGNITUDE

0 1 2

-36.0

35.5
-89.0

FIGURE 2
CUMULATIVE EVENTS 01 JAN 1991 TO 30 JUN 1991 

LEGEND : A STATION CD EPICENTER

945



vo

z 1
7

5
.8

1
.5

7
5
E

-0
4

R 1
7
5
.8

1
.3

9
4

E
-0

4

T 1
7
5
.8

7
.4

0
1
E

-0
4

A
Z

 =
3
0
5
.0

0
 

D
T

 =
0
.1

0
0
0

 

T
M

IN
 =

 2
0
.0

0

B
A

Z
=

1
8
0
.0

0

D
IP

=
7
5
.0

0

T
M

A
X

=
7

1
.1

0

R 1
7
6
.6

2
.0

0
2
E

-0
4

T
 

1
7
6
.6

1
.0

0
9

E
-0

3

M
O

M
=

21
8.

00
 

S
L

IP
=

5
0

.0
0

 

D
IS

T
 

= 
1

7
5

.7
8

T
A

U
=

0
.2

0
0

S
T

R
=

1
4

0
.0

0

D
E

P
T

H
=

1
5

.0
0

F
ig

u
re

 
3

.
C

o
m

p
a
ri

so
n
 

o
f 

p
re

d
ic

te
d
 
(l

e
ft

) 
a
n
d
 
o
b
se

rv
e
d
 

(r
ig

h
t)

 
C

C
M

 
IR

IS
 
S

y
n

th
e
ti

c
 

W
W

S
S

N
 
L

P
 
re

c
o
rd

 
fo

r 
S

e
p
te

m
b
e
r 

2
6

, 
1
9
9
0
 

N
ew

 
H

a
m

b
u

rg
 
e
a
rt

h
q

u
a
k

e



z
2

0
9

.5

5
.4

6
7
E

-0
4

Z

2
0

9
.5

5
.0

1
9
E

-0
4

vo

T

2
0

9
.5

5
.4

0
2
E

-0
4

A
Z

 =
3
2
3
.0

0
 

D
T

 =
0
.1

0
0
0
 

T
M

IN
 =

 2
0

.0
0

T

2
0

9
.5

5
.2

7
6
E

-0
4

B
A

Z
=

1
8
0
.0

0
 

D
IP

=
6
7
.5

0
 

T
M

A
X

 =
 1

0
7
.2

0

M
O

M
=

19
0.

00
 

S
L

IP
=

2
0

.3
0
 

D
IS

T
 

= 
2
0
9
.5

0

T
A

U
=

0
.2

0
0

 

S
T

R
=

9
0

.0
0

 

D
E

P
T

H
=

8
.0

0

F
ig

u
re

 
4

.
C

o
m

p
a
ri

so
n

 
o
f 

p
re

d
ic

te
d

 
(l

e
ft

) 
a
n

d
 
o

b
s
e
rv

e
d

 
(r

ig
h
t)

 
C

C
M

 
IR

IS
 
S

y
n
th

e
ti

c
 

W
W

S
S

N
 
L

P
 
re

c
o

rd
 
fo

r 
M

ay
 
4

, 
1

9
9

1
 

N
ew

 
M

a
d

ri
d

 
e
a
rt

h
q
u
a
k

e
M <



IV

Analysis of Unreinforced Masonry Building Damage Patterns 

Award Number 14-08-0001-G1951

William T. Holmes, Weimin Dong and Bret Lizundia
Rutherford and Chekene

303 Second Street, Suite SOON
San Francisco, CA 94107

(415) 495-422;>

Background

Following the 1989 Loma Prieta earthquake, data was collected on 
damage to unreinforced masonry (URM) bearing wall buildings. 
Damage data that was available varied for each jurisdiction. At a 
minimum, buildings were located only by city and damage was 
estimated using post earthquake safety category (green, yellow, or 
red tags). On the other hand, data on many buildings was detailed 
and included such information as coordinate location, size, number 
of stories, use, and observed estimates of damage measured as a 
percentage of replacement cost. This data is being examined to 
determine obvious patterns that could be used to improve estimates 
of damage in future earthquakes. Progress has been delayed waiting 
for significant additional data to become available from several 
large jurisdictions. This is therefore an interim report.

Shaking Intensity Versus Damage

Damage to buildings within published MMI zones was studied. 
Although damage to URM buildings is one parameter used to set these 
shaking intensities, a wide range of damage can be found in each 
zone; average damage ratios from the data base showed no consistent 
pattern with MMI zones. Further analysis will be done using only 
the higher damage levels in each zorte in an attempt to find 
consistent relationships.

P6A Versus Damage

A computerized subroutine was written tk> estimate the PGA at each 
building site based on the nearest recordings on similar soils. 
Early results of this comparison indicates an apparent significant 
correlation between this parameter and damage level. Further 
analysis is planned to establish a numerical relationship.

Statistical Pattern Recognition

For approximately 2000 building in the city of San Francisco, an
extensive database of building attributes was available from a 
previous study. Damage patterns wexe studied using eleven 
different building parameters such as size, occupancy, age, site
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soils, etc. Several parameters showed significant statistical 
correlation with damage. The most striking was soil type, with 
soft soils consistently being an indicator of more damage. Story 
height also indicated a significant affect on damage with the 
average damage ordered increasingly with a story height of <12' , 
12'-16', and >16'. Lastly, the occupancy category appeared to be 
a significant parameter, with the average damage ordered increasing 
from Residential, Commercial, Office, to Assembly/Industrial. The 
overall average damage to this database of buildings was only 2.5- 
3.3%, and it is not known whether the above relationships would 
hold at higher damage levels. However, the results are consistent 
with expectations and should be considered valid up to intermediate 
shaking levels.

Upper Limit on Reasonable Percentage Damage Projections

When damage is measured as a percentage of replacement cost, or in 
absolute dollar repair costs, an upper limit of projected damage 
should be used to approximate decisions to demolish. Approximately 
25 URM buildings were demolished in San Francisco and fairly 
detailed damage records are available. This data, along with less 
detailed similar data from Santa Cruz and Watsonville, will be 
analyzed to see if a pattern can be found for use in future damage 
projections.

Applicability to the Northwest United States

Previous loss estimates have often focussed on California and its 
particular seismology and URM building stock characteristics. One 
goal of this work is to study ways to apply loss estimation methods 
to other areas in the U.S., specifically the Pacific Northwest. To 
obtain information about URM buildings in the Northwest, local 
structural engineers have been contacted, literature has been 
reviewed, and brief sidewalk studies have been made and photographs 
taken in several jurisdictions with significant numbers or 
percentages of URM buildings, including Seattle; Tacoma; Portland; 
and Jacksonville, Oregon. To obtain information about the unique 
seismological considerations of the Northwest, local geologists 
have been contacted, literature reviewed and a visit made to a 
March, 1991 conference on the hazards posed by Northwest subduction 
earthquakes. Preliminary review indicates that attenuation 
relationships used from shallower strike slip earthquakes in 
California will require substantial modification for use in 
representing the site-specific impacts of subduction zone 
earthquakes in the Northwest. A second important question under 
study is the impact that the long-period, long-duration strong 
ground motion produced by these subduction earthquakes will have on 
URM buildings and on estimates of damage they will experience as a 
result.
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Conclusions

Initial analysis of the data would indicate that improvements can 
be made to damage estimates of URM inventories. We are hopeful 
that simplified methods can be developed to facilitate such 
estimates.
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Use of Temporal Correlation to test a Proposed Seismic Origin 
for Giant Landslides in Seattle, Washington

14-08-0001-G1776

Gordon C. Jacoby 
Tree-Ring Laboratory 
Lamont-Doherty Geol. Obs. 
Palisades, New York 10964 
(914) 359 2900

Patrick L. Williams 
Earth Science Division 
Lawrence Berkeley Laboratory 
Berkeley, California 94720 
(415) 486 7156

Sampling during July and August of 1991 yielded some forty 
specimens, nearly all cross sections, from trees found to the 
southeast of Mercer Island. For the first time, unequivocal bark-year 
rings were obtained and crossdated with other samples. Sampling on 
two of the slides southeast of Mercer Island is essentially complete 
and from these sites we have a 235-year preliminary chronology 
that can be used to crossdate with tree-ring samples from other 
locations. These slides are part of the most recent set of the 
landslides found so far in Lake Washington. The set includes slides 
on the west side of Mercer Island and near Kirkland at the north end 
of the Lake. Radiocarbon dates obtained thus far indicate that this set 
of slides entered the lake about 1100 calendar years before present 
(886 A.D. +/- 80) and may have been triggered by the same event. 
Slide C, located to the southwest of A and B is much older, having 
entered the lake about 2800 years ago. It was therefore decided to 
concentrate mainly on the most recent event, which yields the 
greatest likelihood of establishing a calendar date through 
crossdating with living and non-living trees. No new sampling was 
done on the slide areas to the west of Mercer Island and near 
Kirkland.

The majority of the trees sampled during the 1991 field season 
were cut by divers using a bow saw in water from forty to sixty feet 
deep. This was a very time-consuming and labor-intensive 
operation, and very large trees could not be cut. Towards the end of 
our diving operation a private barge and crane operation started 
salvaging whole trees in the vicinity of the landslides. We arranged 
to obtain cross sections of the logs they raised. They were getting 
logs from deeper areas and actually lifting some logs from the 
sediments where the preservation, especially of outer rings, was 
much better than in the shallower depths

Sections from two such logs from slide B (SMB28 and SMB31) 
have already been polished and analyzed in the laboratory. They 
have complete ring records out to the bark, thereby preserving the
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final year's growth. These two trees were crossdated with each other 
and match exactly to the same bark year, indicating that both trees 
died in the same season of the same year. It is assumed that both of 
these trees were alive at the time of the landslide event, and were 
simultaneously killed as they were submerged in the lake. The outer 
rings of each section are normal growth and show complete latewood 
development and there is no hint of early\^ood cells starting to form 
the next year. Since these trees were completely submerged and 
almost at the limit of light penetration, it is reasonable to assume 
that they died within weeks of submergence. Thus the landslide 
event submerging these particular trees m^y be safely inferred to 
have taken place between fall and the late spring of the next year.

The previously-developed chronology from trees sampled over 
the past two field seasons from both slide A and slide B has been 
crossdated with the two bark samples. None of the trees in this 
earlier chronology had bark. Their outer rings crossdate with years 
earlier than the outer bark year of the new samples. Two additional 
trees from this year's sampling were also crossdated with SMB28 and 
SMB31. These are samples SMB42 and SMA41, neither of which 
have bark, and both of which exhibit outer rings crossdating earlier 
than the bark years. This demonstrates that none of these trees 
lived beyond the bark years of samples SMB28 and SMB31. It is 
therefore a reasonable assumption that the dates of death of all of 
these trees occurred simultaneously. However, more bark specimens 
would confirm that we have indeed obtained the year of the 
landslide event.

More samples from this year's field research are being 
analyzed. Closer inspection may reveal bark on at least a couple of 
cross-sections. We are confident that a well-replicated, floating 
chronology of from three to five hundred years in length will be 
developed from material already in our possession. Arrangements 
have been made with the salvage operators to collect more samples 
from the salvaged logs and have them shipped to LDGO for inclusion 
in our study. Two major advantages of the crane sampling are 1; 
very large trees can be taken thereby increasing the likelihood of 
getting very long ring records, and 2; trees can be taken from very 
deep water where bark is more likely to be preserved. These 
samples should help to develop a lengthy chronology with multiple, 
concurrent bark occurrences.

M. Stuiver and P. Reimer of the University of Washington have 
kindly provided us with a Macintosh version of their Calib program
and we were able to calibrate all our radio carbon dates to the
standardized curves. Through the cooperation of B. Atwater of the
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USGS in Washington, we are obtaining high-precision dates for one of 
the logs with bark. This information should be available in early 
1993. This should give us a much clearer estimate of the 
approximate calendar date of the landslide.

Only through dendrochronological dating, however, can 
simultaneous events be established between slides A& B, West 
Mercer Island, and Kirkland. Some older chronologies already exist 
from nearby locations, but none with such a long record. It is 
unlikely that presently-living trees in the region will yield more than 
one thousand years, but there are numerous areas where old growth 
forests have been logged and the stumps still remain, and there are 
many occurrences of trees which have been preserved in features 
such as lahars, debris flows, and in lake bottoms similar to Lake 
Washington. It is not unreasonable to assume that the gap between 
the Lake Washington trees and the living trees can be bridged with 
such material.

During our field season we travelled to the Olympic Peninsula 
near the Saddle Mountain region to look at a series of lakes which 
have drowned trees. The Saddle Mountain fault appears to have 
interrupted drainages and caused drowning of trees. A radiocarbon 
date for the outer wood of a remaining stump falls right in the 
middle range of dates for samples from our Lake Washington study. 
The geologic nature of the Saddle Mountain fault is not clear. 
However it is a possible tectonic feature and the coincidence of the 
dates between this feature and the Lake Washington landslides 
allows for some common triggering event.

Summary
Recent sampling in Lake Washington has produced much new 

material, most of which is in the form of cross-sections, preferable to 
cores for dendrochronological dating. A small percentage of the 
material has been analyzed to date, but two samples with bark dates 
were found and crossdated with each other, and with an existing, 
floating chronology developed from the past two season's sampling. 
Two other trees from the most recent field season were also 
crossdated with this grouping, making eight trees in all included in 
the chronology. High-precision radiocarbon dates are being 
developed for one of the bark samples, and efforts are being made to 
find both living and non-living trees to establish the exact calendar 
date of the most recent landslide event in Lake Washington. The 
dates for landslides at three sites in the Lake agree with a date for a 
possible tectonic event in the region.
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CASCADIA SUBDUCTION ZONE: NEOTECTONICS OF THE ACCRETIONARY 
WEDGE AND ADJACENT ABYSSAL PLAIN OFF OREGON AND

WASHINGTON

Contract 14-08-0001-G1800

Principal Investigator: LaVerns 
Co-Principal Investigator: 

Graduate Research Assistant: Chris Goldfinger**

is D. Kulm* 
Robert S.Yeats**

*College of Oceanography
**Department of Geosciences

Oregon State University
Corvallis,OR9733jl

(503)737-5211

Investigations

The overall objective of this project is to characterize and determine the timing of deformational 
events in the subducting Juan de Fuca plate (abyssal plain) and deformation front (accretionary 
wedge) of the Cascadia convergence zone off Oregon and Washington. A neotectonic map was 
constructed of the subducting oceanic plate, accretionary wedge, and adjacent continental shelf 
basins off Oregon to identify the styles and areal extent of deformation. We are trying to identify 
and date discrete strike-slip deformational events and relate them to the distribution of earthquakes 
on the subducting oceanic plate and in the subduction zone

Computer Hardware and Software Facilities

We have recently upgraded our computer facilities in the Neotectonics Laboratory through funds 
supplied by another federal agency. These'facilities include: (1) a SUN SPARCIV IPX computer 
workstation and external Fujitsu 1GB hard drive, (2) a Calcomp digitizing table, (3) Microstation 
Mac V3.6 CAD software and other graphics software for use on the Macintosh computer, (4) and 
TECPLOT for rendering 3-D mesh and shaded relief images on the SUN computer. The 
computers are linked to a College-wide micronet and Etheriet network with centralized SUN 
flleservers, tape drives and output devices. The Oregon neotectonics map described below is being 
produced in layers with the Microstation CAD software for publication through the Oregon 
Department of Geology and Mineral Industries. We are requesting that NEHRP support the 
purchase (with existing funds) of additional imaging processing software that will allow us to 
analyze and visualize both the extensive SeaBeam swath bathymetry, GLORIA long-range 
sidescan sonar, and high-resolution SeaMARC-IA sidescan sonar digital data sets that are now 
available for the Oregon margin. These data will be analyzed in our 1992 NEHRP project as well 
as the GLORIA data and conventional bathymetry data currently available for the Washington 
margin; the latter data set will be the main focus of our 1992 work.

Results

Abyssal Plain
Three WNW trending left-lateral strike-slip faults (A,B,C) occur on the abyssal plain off central 
and northern Oregon and have been under investigation during the past two years (Fig. 1). During 
the past six months, detailed studies of the sedimentary deposits and seismic stratigraphy of the 
abyssal plain surrounding these faults reveal the amount of fault separation and the rate of slip of 
the most prominent fault (A). These active transverse features extend from the plain across the 
plate boundary and into the folds and thrusts of the accretionary wedge. First discovered in 1986 
using SeaMARC 1A sidescan sonar, these faults were imaged extensively in a follow-up 1989
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narrow swath, high resolution survey (Fig. 2; Appelgate et al., 1991). In migrated multichannel 
seismic reflection (MCS) profiles on the Juan de Fuca plate, all three faults offset the entire 3-4 km 
thick sedimentary section, as well as the oceanic basement (Fig. 3A, 4; MacKay et al., 1991; 
Goldfinger et al., 199la). A prominent magnetic anomaly occurs across at least two faults. 
Magnetic modeling of fault A (Wecoma fault) and reflection profiles both indicate about 75-100 m 
of vertical separation of the basaltic basement, NE block up (Appelgate et al., 1991). Sidescan 
coverage of the abyssal plain indicates that displacement on fault A dies to nearly zero 17-20 km 
seaward of the deformation front. At its western tip, fault A is greatly diminished in surface 
expression, and the westernmost MCS crossing shows modest displacement in comparison to 
crossings near the deformation front. Two other seismic records located 3.7 and 5.5 km to the 
west show the fault does not extend west of 125° 41' W. Faults A and B both cut or have 
generated N to NNW plunging anticlines near their intersections with the deformation front. Faults 
B and C extend at least 7-8 km seaward into the abyssal plain based on sidescan images and 
seismic records, and their terminations will be constrained by one of our N-S MCS lines, located 
15 km seaward of the deformation front, when it is processed.

SeaMARC 1A sidescan imagery shows that fault A offsets left-laterally a late Pleistocene 
distributary channel on the Astoria submarine fan as well as a slump scar and escarpment crossing 
the fault (Figs. 2,5). A horizontal displacement of about 120 m was measured on the channel 
(designated OC, Fig. 2) in the youngest sediments of the seafloor (Appelgate et al., 1991; 
Goldfinger et al., 1991b). This crosscutting relation can be used to obtain an estimate of the slip 
rate during latest Pleistocene and Holocene time. The channel is blocked 18 km to the north by 
slump debris from a 32 km^ bedding-plane slump from the leading accretionary thrust ridge (Fig. 
5). We estimate the age of this slump to be 10-24 ka, based on a calibrated 14C date from a gravity 
core (10,300 yrs bp) taken on top of one of the slump blocks and on onlapping relations on a high 
resolution seismic record. The slump debris rests directly on the seafloor reflector with no visible 
sediment onlap or ponding around the slump blocks. Using a composite late Pleistocene-Holocene 
sedimentation rate derived from data in Nelson (1968) and Goldfinger et al. (1991a), we estimate 
that sediment accumulation by turbidity currents following the slump could not exceed about 24 ka 
without depositing a thick enough turbidite unit to be detectable on the MCS profile, thus setting a 
maximum age for the slump (Goldfinger et al., 199la). The calculated latest Pleistocene-Holocene 
slip rate ranges from 5-12 mm/yr using the 120 m of left-lateral offset on the channel.

Pre-faulting sedimentary units of the fan and abyssal plain sequences, which strike mostly N-S and 
thicken uniformly eastward, were used to calculate the net slip on the Wecoma fault since its 
inception. Sediment thickness changes across the fault are pronounced. The youngest seismic unit 
(Astoria Fan, Unit 1) is thicker on the south (dpwnthrown) side, while successively older units 2 
and 3 (abyssal plain) are thinner on the south side (Figs. 3A, 4). We attribute the abrupt thinning 
across the fault as the result of strike-slip juxtaposition of the eastward thinning wedges 
comprising these two units. Isopachs of these wedge-shaped pre-fault sedimentary units give a 
piercing-point horizontal offset of 5.5±0.8 km (Fig. 3B). Neglecting the 100 m of vertical 
separation, we believe the 5.5 km value represents the best estimate of the net slip on the Wecoma 
fault near the deformation front. Stratigraphic correlations suggest that growth of the plunging 
anticline (called a pressure ridge in our interpretation) was approximately coeval with dip slip on 
fault A. Faulting began at about 600 ± 50 ka, based upon the age of strata that separate pre- 
faulting and syn-faulting parts of the section, assuming that dip-slip and strike-slip motion began 
concurrently (Goldfinger et al., 199la). The estimated age of 600 ±50 ka is derived from high 
resolution biostratigraphy, sedimentation rates, and tentative correlation of the base of the Astoria 
submarine fan section with strata drilled and dated at DSDP site 174, about 70 km to the southwest 
(Fig 1 inset) which is tied to the fault with a connecting seismic line (Kulm et al., 1973; Goldfinger 
et al., 199la). Stratigraphic thinning over the crest of the pressure ridge and thickening on the 
downthrown side of the fault are pronounced in the syn-faulting section (Fig. 4). This range of 
ages and net slip yields a slip-rate of 7 to 10 mm/yr, which is similar to the latest Pleistocene- 
Holocene rate (5 to 12 mm/yr).
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Intersection of Transverse Faults with Deformation Front
SeaMARC 1A sidescan and seismic records of the deformation front, where fault A intersects the 
initial thrust ridge, show a complex embayment with individual blocks within a positive flower 
structure, forced upward and westward as pop-ups as they impinge on the deformation front (Figs. 
4,5). Several splays cut upslope on the initial thrust ridge and continue into the structural basin to 
the east. The embayment is bounded by linear gullies that cut upslope into the initial thrust ridge, 
and other such gullies He within the embayment. Rock sariples collected with the submersible 
ALVIN from the seaward gully sites consist of sheared sit stones, sandstones and pebble to cobble 
conglomerates (Sample et al., 1991; Tobin et at., 1991) wi :h multidirectional slickensided surfaces 
and mullions. These accreted Astoria Fan deposits have been re-cemented with a secondary 
carbonate cement (Kulm and Suess, 1990). The carbonate cement, derived from fluids venting 
from the shear zones, commonly bonds the sheared sedimentary fragments into an angular breccia 
filling the bottoms of the gullies. Stable oxygen and carbon isotopic analyses of these pore-fluid 
derived carbonate cements show that they probably represent deep fluid sources within the 
subducting plate (Sample et al., 1991). Current activity on fault A is suggested by the presence of 
active fluid vents supporting live chemosynthetic clam and. tube worm communities (Moore et al., 
1990) along the fault zone (Appelgate et al., 1991) and especially where the fault cuts the the initial 
accretionary thrust sequence.

On the initial thrust ridge, a seaward-vergent thrust segment occupies the area between the splays 
of fault A in an overall landward vergent thrust setting, which suggests that a local reversal of 
vergence is induced by the interaction of the thrust and the strike-slip fault (Fig. 1). Fault B also 
coincides with a reversal of thrust vergence at its intersection with the deformation front (MacKay 
et al., 1991). Faults B and C do not have the same detailed MCS coverage but they are left-lateral 
faults on the basis of sidescan records and stratigraphic mi imatches similar to those of fault A in 
the abyssal plain (Goldfinger et al., 1991a). Faults B and C offset the deformation front (i.e., 
bathymetric break in slope between abyssal plain and accrstionary wedge) 3.7 and 2.2 kilometers, 
respectively, in a left-lateral sense (Fig. 1). This offset of bathymetric contours may result from 
strike-slip, dip-slip (up to the north) or oblique-slip motioii. The active frontal accretionary thrust, 
on the other hand, does not appreciably offset the traces otf the strike-slip faults where they cross 
the plate boundary. These relationships suggest that the strike-slip faults may actually be part of 
the plate boundary, coeval with the frontal accretionary thtusts.

Continental Slope and Shelf
Several WNW-trending left-lateral strike-slip faults have teen mapped on the continental slope and 
shelf off central and northern Oregon (Fig. 1). We have tentatively correlated three throughgoing 
strike-slip faults on the mid to upper slope with faults A, B, and C on the abyssal plain using 
GLORIA long-range sidescan, SeaBeam swath bathymetry, and a network of industry, academic 
and U.S.G.S. seismic profiles. At least one of the strike-s ip faults (A) on the subducting plate 
clearly crosses the deformation front into the accretionary wedge. The connection of faults B and 
C is still unresolved. Several other WNW-trending faults on the slope have, as yet, no 
documented abyssal-plain extensions. The recognition of these faults in the structurally complex 
accretionary wedge is more difficult than on the abyssal plain because of the lack of high-resolution 
sidescan data, the complex structure, and the high topographic relief of the wedge. However, we 
do recognize them in GLORIA imagery and SeaBeam bathymetry on the basis of offset and 
sigmoidal bending of fold axes and linear WNW-trending scarps (Goldfinger et al., 199la). 
Where offsets are observed, they are left-lateral. On individual seismic reflection profiles, these 
faults sometimes branch upward into positive flower structures from a single vertical trace.

In northern Oregon, the continental slope consists of upper and lower terraces separated by a major 
landward-dipping thrust fault and a coincident break in slope (Fig. 1, labeled SB). Seaward of this 
boundary, thrusts and folds of the accretionary wedge trend north-south, subparallel to the 
continental margin. Landward of the boundary, folds of the upper slope and shelf, with the
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exception of outer shelf submarine banks, trend mostly NNW to WNW, oblique to the margin. In 
the structural province traversed by faults A, B, and C, a small set of folds is subparallel to the 
principal strike-slip faults. Most of the folds trend WNW to NNW (Fig. 1). While the genetic 
relationship between these young strike-slip faults and oblique folds is not yet known, we 
postulate that they both developed in the regional stress field related to oblique Juan de Fuca 
subduction, possibly as manifestations of partitioned components of oblique subduction strain. 
Although many folds on the continental shelf and upper slope involve older rocks ranging in age 
from Eocene to Pliocene (Kulm and Fowler, 1974), Pleistocene and Holocene strata are also 
deformed. Active folds commonly have associated flexural-slip faulting which is observed in a 
few seismic records on the Oregon shelf. Continued activity on older folds and faults on the shelf 
has resulted in scarps of probable Holocene age on the sea floor (Goldfinger et al., 199 Ib; Clarke, 
et al., 1985; Snavely et al., 1977).

Clockwise Crustal Rotation
We postulate that deformation of the Oregon-Washington forearc region by clockwise tectonic 
rotation accommodates a significant portion of the tangential plate convergence along the Cascadia 
subduction zone (Goldfinger et al., 1991b). Several models for upper crustal rotation between 
blocks bounded by strike-slip faults have been proposed to explain well-documented 
paleomagnetic rotations in the Transverse Ranges of southern California (Jackson and Molnar,
1990), the Coast Ranges of Oregon and Washington (Wells and Coe, 1985) and several other 
strike-slip dominated settings. The discovery of three confirmed and many more possible left- 
lateral faults creates the geometric requirement that the blocks bounded by these faults must rotate 
clockwise (Freund, 1974). Onshore in Oregon and Washington, clockwise rotations have been 
documented paleomagnetically in rocks as old as early Eocene, and as young as middle Miocene. 
England and Wells (1991) show that clockwise rotations in Columbia River Basalt of middle 
Miocene age (12 and 15 Ma) exhibit a clear increase in rotation from east to west, and infer that 
such rotations probably continue to the present. The tangential motion between the Juan de Fuca 
and North American plates is inferred to have caused the quasicontinuous deformation of 
westernmost North America by rotation of small blocks of unspecified size (England and Wells,
1991). We postulate that clockwise rotations of this type should occur in the submarine forearc, 
and the east to west increase in rotation should reach a maximum near the plate boundary. We feel 
that submarine mapping of these faults is the best method to study the structural mechanisms 
responsible for this distributed deformation.
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Figure 1. Structure map of the northern and central Oregon margin. Map emphasizes active features; most 
structures shown cut or deform the sea floor. Deformation front is a thrust fault south of Fault B, and the 
base of a seaward dipping ramp north of Fault B. SB = slope break; T = Tillamook Bay fault. Inset 
shows Juan de Fuca plate and DSDP Site 114.
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-  -

Figure 2. High resolution 2 km swath along the Wecoma fault (fault A on the abyssal plain). Note right 
step in trace of the Wecoma fault. PR = Pressure ridge; OC = offset channel shown by arrows; OS = 
offset slump scar. Note large scarp at eastern end of northern fault strand is a surficial normal fault.
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B

PRE-FAULT X 
POSITION 
600 KA

Figure 3. A) Multichannel seismic line crossing Wecoma fault (fault A) between pressure ridge and 
deformation front. V.E. 2:1. B) Cartoon illustrating the method used in fault A reconstruction. Fault 
motion was reversed until eastward thickening sediment wedges of units 2 and 3 matched, resulting in a 
separation of 5.5 ± 0.8 km. AF = Astoria Fan and AP = Abyssal Plain sedimentary deposits.
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Seismic Hazard Reduction Planning Process 
to Develop Policies and Programs for the City of Seattle

Agreement No. 14-08-OQ01-G1958

City of Seattle Office for Long-range Planning 
Room 200 Municipal Building 

Seattle, WA 98104

Principal Investigator: Clifford Marks 
(206) 684-8372

The objective of this project is to begin the process of 
developing a Seismic Hazard Reduction Plan. This planning 
effort could serve as a model for other communities in the 
Puget Sound region, but is mainly intended to develop and 
adopt policies and programs to reduce earthquake damage and 
loss of life within the City of Seattle.

This project will incorporate the research work currently 
being funded by USGS's National Earthquake Hazard Reduction 
Program into the City's planning process and translate 
seismic hazard technical information into terms that are 
understandable to both the general public and decision 
makers.

A policy framework for defining acceptable risk will be 
established and preliminary seismic hazard reduction policies 
will be prepared. Building code and other land use 
regulatory changes may be recommended, and input into 
emergency response planning will be provided. The project is 
also intended to coordinate the activities of various City 
departments regarding seismic hazard reduction issues and to 
establish a uniform seismic information data base.

The work program consists of the following tasks:

Task 1 Establish City Seismic Hazard Reduction Committee 
and Consolidate Seismic Hazard Data Used by City Departments

This first task, which has been completed in 1991, consists 
of the formation of a Seismic Hazard Reduction Committee to 
work with the Principal Investigator to ensure communication 
between departments on this project. This committee will 
give direction to the seismic hazard reduction planning 
activities carried out under this grant. Each department has 
submitted their priority issues to ensure that these are 
dealt with during the program. It will be an objective of 
this seismic hazard reduction work program to establish a 
uniform data base concerning seismic information to be used 
by all City departments.
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Task 2 Translate Technical Hazard Based Research Funded 
Under NEHRP Into Classifications for Risk Reduction Policies

This aspect of the work program will document and incorporate 
the work currently being done by the USGS and its grantees as 
part of the National Earthquake Hazards Reduction Program. 
The objective is to provide information to the general public 
concerning this data as it applies to Seattle. A Background 
Report will be prepared that translates seismic hazard 
technical information into terms that are understandable to 
both the general public and decision makers.

Task 3 Establish Framework for Acceptable Risk Analysis

The objective of this task is to establish a policy framework 
for defining acceptable risk. The City needs to address this 
risk issue in a formal manner based on the type and magnitude 
of estimated loss. The product of this task will be an 
Issues Report with a recommended approach to the 
establishment of acceptable risk.

Task 4 Formulate Preliminary Seismic Planning Policies and 
Implementation Actions

Based on the review of existing hazard information conducted 
in Task 2, and the work on acceptable risk analysis conducted 
in Task 3, preliminary seismic hazard reduction policies will 
be prepared. The product of this task will be a memo or 
working paper outlining a preliminary direction for dealing 
with seismic hazards. It is likely that more detailed 
recommendations for seismic hazard reduction planning will be 
undertaken for one type of seismic hazard: liquefaction. 
This can serve as a model for public policy development 
concerning other seismic hazards.

Task 5 Establish Technical Advisory Group

This task would provide technical expertise from outside of 
City government. In addition to ensuring a continuation of 
the City's seismic hazard reduction effort, the objective is 
to guide the City's overall planning work and, perhaps, to 
review specific work products. The committee would be 
composed of representatives of governmental agencies and 
research institutions, as well as practitioners, such as 
geotechnical and structural engineers.
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WASHINGTON SEISMIC POLICY

Agreement 14-08-0001-G2Q65

Peter J. May
Associate Professor

Political Science DO-30
University of Washington

Seattle, WA 98195

(206) 543-2780

Objective: The central research questions concern the extent arid ways in which new information about 
seismic risks alters recommended state policy actions. This entails consideration of the role of loss 
estimation and vulnerability assessments in state level policy formulation.

Investigations Undertaken: Several aspects of the research were initiated in June 1991. First, 
commentary has been provided concerning Washington's Seismic Advisory Committee draft policy 
recommendations. Second, work has begun with a consultant to identify relevant vulnerability and loss 
estimation studies for the region, and their implications for state policy formulation.

Reports Published: Papers and publications related to this research, to date, are:

"Decisions and Analysis: An Exploration-of Missing Links in Hazards Policymaking," presented at 
the National Center for Earthquake Engineering invitation* il Workshop on Research Utilization in
Earthquake and Other Hazard Mitigation, Rensselaerville, 
the workshop monograph.

NY, June 23-25,1991; forthcoming in

"Addressing Public Risks: Earthquake Policy Design," Journal of Policy Analysis and 
Management vol. 10, no 2 (Spring 1991): 263-285.

"Design Professions and Earthquake Policy," forthcoming in Earthquake Spectra public policy 
theme issue, February 1992.

This funding has also made possible my co-editing of the forthcoming Earthquake Spectra public policy 
theme issue.
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DATABASE MANAGEMENT 
9910-03975

Charles S. Mueller 
Branch of Engineering Seismology and Geology

U. S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5646

Investigations 

1. Develop new techniques for playback, processing, management, and export of seismic 
waveform data, with emphasis on large aftershock datasets collected with portable 
digital event-recording seismographs (e.g.,GEOS).

2. Design and implement relational databases for strong-motion and aftershock data. 

Results

1. New datsets played back, processed, and archived: Aftershocks of the 17 October 
1989 Loma Prieta earthquake (archived on CD-ROM).

2. Loma Prieta aftershock dataset exported to:

Cornell University 
Purdue University 
Saint Louis University 
Stanford University 
University of California Berkeley 
University of California Davis 
University of California Santa Barbara 
University of California Santa Cruz 
University of Nevada Reno 
University of Puerto Rico 
University of Southern California 
University of Texas

2. Other datasets exported:

University of Utah
University of Wisconsin
Geomatrix Consultants
Pacific Engineering
William Cotton & Associates
Woodward Clyde Consultants
Servizio Sismico Nazionale
Shimizu Corporation
Electric Power Research Institute
California Division of Mines and Geology
Japan Geological Society
New Zealand Division of Land and Soil Sciences

1987 Superstition Hills aftershocks to Institut de Physique du Globe de Paris 
1983 Borah Peak aftershocks to Pacific Engineering 
1984,1986 McGee Creek data to Pacific Engineering

Reports
Mueller, C. and Glassmoyer, G., 1990. Digital recordings of aftershocks of the 17 October

1989 Loma Prieta, California earthquake, U. S. Geological Survey Open-File Report
90-503, 147 p. with CD-ROM.
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Probabilistic Earthquake Assessment 

9920-01506

Stuart P. Nishenko
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 8()225

(303) 236-1506

jnve s t i gati ons

1. Improve current probabilistic estimates for earthquakes within the 
United States and the circum-Pacific region.

2. Development of an operational methodology to provide rapid and reliable 
estimates of damage caused by moderate and large United States earthquakes.

3. Conduct international training course on Understanding Earthquakes and 
Mitigating Their Effects.

Results

la. Paleoseismologic data for the past 6 ka atfe used to estimate 50- and 
100 yr Poisson and time-dependent probabilities! for a M 7 earthquake along 
the Wasatch fault zone (WFZ) (Nishenko and SchWartz, 1990; Schwartz and 
Nishenko, 1991). Five of the six active fault segments have produced M 7 
events during an earthquake sequence that began about 1.4 ka and that has 
continued to about 300 yr ago. Only the Brigham City segment, with an 
elapsed time of 3.6 ka, has not had an event during this most recent 
temporal cluster. The occurrence of 15-17 M _>_7 events during the past 6 
ka, yield 50- and 100-year Poisson probabilities (Pso and PIOO) of 0.12-0.13 
and 0.22-0.25, respectively, for an event anywhere along the WFZ. Within 
the current active sequence, the average repeat time of 183-220 years (5-6 
events in 1100 yrs) and the 75-400 yr interval between successive events 
yields Poisson probabilities of PSO 0.16-0.24 and PIOO 0.29-0.42. Poisson 
probabilities provide no information on the location of the next WFZ event. 
Time-dependent conditional probabilities are based on the geologic behavior 
of individual fault segments. For some segments (Salt Lake, Provo) ll*C 
estimates of repeat times are quasi-periodic and proportional to the slip 
per event and the long-term slip rate (about 1.0 mm/yr). Other segments 
(Brigham City, Nephi, Weber(?)) appear to release accumulated slip in two 
relatively closely spaced « 1 ka) earthquakes followed longer intervals. 
Hence, no one single recurrence model appears to be appropriate for all 
segments. The most recent faulting episode on the Brigham City segment 
occurred as 2 events, 3.6 _+_ 0.25 and 4.8 +_ 0.25 ka yr ago, with 1.5-2 m slip 
per event. The direct recurrence time estimate is 3-4 ka per episode (3-4
m/ (1 mm/yr) and the 50- and 100-yr conditional
0.07, respectively. For comparison, 100 yr probabilities for the other

probabilities are 0.03 and
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Wasatch segments, based on their segment-specific recurrence times, are less 
than 0.02. Rupture of the Brigham City segment would complete the current 
active sequence along the Wasatch fault zone.

Ib. The high likelihood of a gap-filling thrust earthquake in the Alaska 
subduction zone within this decade is indicated by two independent methods  
probabilistic analysis of historic data and time-to-failure analysis applied 
to recent decades of instrumental data, in a recent study by Bufe et al. 
(1990). The pattern of accelerating moment release reported in this study 
has continued in 1991, and is being analyzed using both the NEIC data base 
and a new earthquake catalog developed by S. Jaume at Lament-Doherty.

Historic records suggest that the Shumagin and Alaska Peninsula gaps 
ruptured together during great earthquakes in 1788 and in 1847-1848 
and independently in 1917 (MW 7.5) and 1938 (MW 8.3), respectively. 
The joint probability of a gap-filling event in the Shumagin or Alaska 
Peninsula gaps in the next 10 years is estimated at 0.58-0.66.

Moment release of earthquakes in the combined rupture zones of the 1938 
Alaska Peninsula earthquake, the 1917 Shumagin Island earthquake, and the 
1946-1948 Unimak Island earthquakes has accelerated in the past 15 years. 
Varnes (1989) has shown that quantitative aspects of such accelerating 
moment release sequences can be used to predict the time of occurrence of 
subsequent main shocks. We have found that moment (and Benioff strain 
energy) release, computed from magnitudes of earthquakes in the Alaskan 
Peninsula-Shumagin-Unimak gaps, decelerated following the great 1938 
earthquake and has been accelerating since around 1975-1980. We model 
this accelerating sequence as a likely precursor to a gap-filling thrust 
earthquake, computing tirae-to-failure using a relationship developed by 
Varnes (1989). This technique indicates that one or more earthquakes of 
M 7.5 or greater can be expected in the Alaskan Peninsula-Shumagin-Unimak 
gap region before the year 2000.

lc. Bufe and Varnes (1990) have found that seismicity in northern 
California shows a long-term regional pattern of accelerating seismic-energy 
release leading up to the October 18, 1989 Loma Prieta earthquake. This 
pattern is apparent in cumulative sums of both seismic moment and square root 
of energy or moment. More than a year before the Loma Prieta earthquake, 
the integrated form of the IMPORT relation (Varnes, 1989) was applied to 
cumulative sum of square root of energy, which was estimated from magnitude: 
this analysis indicated a failure time of 1996. Post-earthquake refinements 
to this time-to-failure analysis of seismicity, utilizing seismic-moment 
release, Benioff strain-energy release, and event counts, indicate that a 
large earthquake (Loma Prieta) in the southern San Francisco Bay region 
could have been anticipated to occur within a year or two after June 1989. 
Simulations of the evolution of time-to-failure forecasts for the 1906 San 
Francisco and 1989 Loma Prieta earthquakes illustrate the potential useful­ 
ness and limitations of such forecasts. The error in the forecast generally 
decreases as the time of the mainshock approaches. The inversion for time 
of failure for the Loma Prieta earthquake can be stabilized by constraining 
the exponent of time to failure on the basis of foreshock (and aftershock) 
data for other main shocks from the same region (i.e., 1906) or on the basis
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of b-value (slope of log frequency of occurrence as a function of magnitude) 
for the data set. Uncertainties surrounding the selection of the time 
window for analysis can be overcome by superposing accelerating (foreshock) 
and decelerating (1906 aftershock) sequences. The prediction of the prior 
occurrence of the 1836-1838 earthquake sequence through analysis of the 
decelerating 1855-1890 seismicity indicates that these analysis techniques 
may also have the potential to provide, for sone regions, useful information 
on the occurrence of large earthquakes predating the historical record. The
observed patterns of seismic moment and Beniof E strain-energy release before
and after 1906 have been used to construct a model of seismicity variations 
throughout the seismic cycle. Based on this model, the recurrence period 
for a characteristic 1906 earthquake is estimated to be about 250 years. 
This recurrence period is in reasonable agreement with the Working Group 
on California Earthquake Probabilities (1990) estimate of 230 years for 
the North Coast segment, and preliminary ll*C dates for pre-1906 events at 
Pt. Arena and Santa Cruz (post 1635 A.D. and 1650 +_ 50 A.D., respectively; 
C. Prentice and D. Schwartz, personal communication, 1991).

Id. D. W. Gordon has completed the first draft of an analysis comparing 
seismicity patterns and Precambrian basement tectonics in the Northern Great 
Plains (NGP). This report interprets NGP neotectonics and seismicity in 
terms of a plate-tectonic model that characterizes the Precambrian basement 
beneath the region as a mosaic of accreted terranes crisscrossed by sets of 
northwest- and northeast-trending shear zones. Most historic epicenters in 
the NGP region are concentrated near (jJ-5 km) elements of this prominent 
system of approximately orthogonal, basement faults. Contemporary 
earthquakes beneath the NGP region probably represent reactivation of these 
geologically long-lived faults. Generally accepted rheological concepts 
indicate that these persistent zones of crustal weakness behave as brittle 
faults in the upper crust and as ductile faults in the lower crust. The 
style of present-day faulting depends on the interaction between these deep- 
seated faults and the ambient stress field. Key questions about the more 
significant, deeply penetrating faults concern possible changes in dip with 
increasing depth and modes of deformation during past geological epochs.

2a. Initial development of a video digitizer System for geologic maps was 
completed during this year. The equipment consists of a one-frame color 
digital camera linked to a 486-33 computer. D^ta initially acquired in 
16TARGA+ format has a potential color range of 32,000 colors. Subsequent 
software manipulation can reduce these files to 256 color VGA format with 
pixel dimensions of 1027 x 768. In principle, this hardware/software 
package allows the development of a 80 MB digitized geologic map of the USA 
with a digitization interval of 3/8 mile. The geologic map of Costa Rica 
was digitized with this system as an initial test and combined with existing 
strong-ground motion software to demonstrate the project objectives.

2b. Bernknopf et al. (1991) have estimated the probability of earthquake- 
induced landslides resulting from the 17 October 1989 Loma Prieta earthquake 
in Santa Cruz County, California. The Bayesian probability estimate is 
combined with housing values to estimate the cost effectiveness of various 
mitigation measures.
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2c. The National Earthquake Information Center (NEIC) has developed a 
questionnaire to document unusual wave activity in coastal areas related to 
earthquakes (Nishenko, 1987, 1990). This questionnaire was patterned after 
the NEIC Earthquake Questionnaire, which has been used for the last 50 years 
to document the effects of earthquakes on land (Stover, 1989). Usual wave 
activity (including tsunamis, tidal waves, seiches, etc.) are caused by 
submarine landslides, tectonic displacement, lateral spreading, compaction, 
and other types of subsidence which can occur in conjunction with earth­ 
quakes. Data obtained through distribution of the questionnaire can contri­ 
bute to a balanced description of the earthquakes' effects at the land-water 
interface and can result in improved hazard mitigation strategies for 
coastal areas.

The occurrence of the 1989 Ms 7.1 Loma Prieta earthquake provided an unique 
opportunity to: (1) test the effectiveness of the prototype NEIC question­ 
naire prior to printing and widespread distribution, and (2) to systemati­ 
cally compile data pertaining to the coastal effects of the earthquake in 
the Monterey Bay area. Nishenko and Preuss (1991) conducted a survey in the 
Monterey Bay area during November-December 1990 to test the questionnaire 
and document the effects of the Loma Prieta earthquake. Based on these 
initial results, the questionnaire was revised and simplified.

Approximately one week after the occurrence of the 22 April 1991, M 7.5, 
Costa Rica earthquake, the revised questionnaire was translated into Spanish 
and distributed in Costa Rica. Observations were obtained from 18 sites 
along 90 km of effected coast, from the mouth of the Matina River, north of 
the Port of Limon, to Gandoca, north of Sixaola.

3. The USGS-NEIC will present the second annual training course on 
Understanding Earthquakes and Mitigating Their Effects during April 20- 
May 7, 1992, in Golden, Colorado. The course is intended for international 
geoscientists, engineers, planners, and emergency response personnel who are 
active in the acquisition, analysis, interpretation, dissemination, or 
utilization of earthquake-related information. The course provides an 
overview of applied earthquake seismology and engineering through a series 
of lectures and discussion groups. Participants receive additional 
specialized training through concurrent workshops on topics including 
seismological instrumentation, processing and interpretation of earthquake 
waveform data, computer analysis of earthquake catalog data, the assessment 
of earthquake hazard, vulnerability, and risk, and application of risk 
information to earthquake mitigation and response.

References
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Earthquake Intensities

14-08-0001-G1510 A.L Qamar, P.I.

A.I. Qamar and R.S. Ludwin
Geophysics Program

University of Washington
Seattle, WA 98195

(206) 543-8020

Investigations
During this reporting period we designed and began implementation of a data base 

system for historical earthquake information. We also continued to search for additional 
information on Washington and Oregon earthquakes prior to 1928. The search included 
review of early journals and letters, mostly in the Pacific Northwest Collection at the 
University of Washington, and a search for newspaper accounts of earthquakes. We also 
wrote to over a hundred historical societies and libraries in Washington and Oregon, 
requesting that they explore their material for indices to local newspapers or accounts of 
early earthquakes.

During the process of compiling existing catalogs and collecting additional material, it 
became clear that managing the information posed a significant problem. In the Pacific 
Northwest, there are about a dozen existing catalogs, which vary in the time periods and 
geographical areas covered. Many are themselves compilations of earlier catalogs. We 
started out by using a scrapbook to collate entries from all catalogs for the largest cataloged 
earthquakes. However, in reviewing newspaper clippings, we soon found several sizable 
earthquakes which had not been previously recognized as significant, and we realized that a 
more extensive review of Northwest seismicity was needed. Scrapbooks have some limita­ 
tions; the information is difficult to share with other investigators, and difficult to search for 
specific pieces of information, such as reports of fore or aftershocks, intensity estimations, 
or mention of previous earthquakes felt in the area. If newspaper clippings or other 
accounts are included, the information may also be quite voluminous. Time bases also 
complicate the compilation, as some existing catalogs have standardized to PST or GMT, 
even for earthquakes prior to the the initiation of standardized time in the 1890s. Finally, 
the investigator must have some way of improving the catalog, and of referencing sources 
and documenting the reason for changes; otherwise, erroneous entries may be reintro- 
duced.

A data base not only overcomes the difficulties of compiling and collating such detailed 
information, but has many additional advantages, such as the ability to search the data and 
easy transfer of information; either printed, on tape or disk, or via e-mail. The data base, 
when completed, will provide a framework for storage and retrieval of historical earthquake 
information. We are currently concentrating on Cascadia earthquakes prior to 1928, but the 
data base system is quite general in design, and we hope that other investigators will use 
our data base, or some of our design concepts. A description of the data base 
specifications is available upon request.

Briefly, our data base consists of three parts; all of the source material, the corrected 
catalog, and an intermediate section which links the two. The source material is stored in a 
large multi-source table. Each record in the table is referenced by source, and includes a 
single verbatim event description, plus additional fields for specific pieces of information 
(such as time, location, depth, intensity, etc.) which have been given in the entry. The 
corrected catalog identifies each individual earthquake, collects all the source material for 
that earthquake, and allows a preferred time, location, and magnitude to be specified. To 
formulate the corrected catalog, a procedure to review the source material, and link all
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accounts of an earthquake is used.

Publications
Johnson, T.E., A.I. Qamar, R.S. Ludwin, and R. Ellsbury, 1991 (abstract), Historical

Earthquake Database for Events in Washington, Oregon, and Southern British
Columbia Prior to 1928, EOS, V. 72, # 44  p. 604. 

Ludwin, R.S. and A.I. Qamar, 1991 (extended abstract), 1882 earthquake rediscovered,
Washington Geology, V. 19, # 2, p. 12.
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LATE QUATERNARY FAULTING, SOUTHERN SAN ANDREAS FAULT

9910-04098

Michael J. Rymer

Branch of Engineering Seismology and Geology
U.S. Geological Survey

345 Middlefield Road, MS/977
Menlo Park, CA 94025

(415) 329-5649

Investigations

1. Shallow seismic-reflection profiling across strands of the San Andreas and associated 
faults in the Coachella Valley (in cooperation with K.M. Shedlock and others, Denver).

Results

1. Shallow seismic-reflection data from lines across strands of the San Andreas fault zone 
indicate subsurface features either speculated on before or inferred elsewhere along the 
faults. A northeast dip of about 45° to 55° was indicated earlier on the Banning fault by 
distribution of aftershock hypocenters following the 1986 North Palm Springs 
earthquake (Jones et al., 1986). Previous indications of an -25° northeast dip on the 
Mission Creek fault, but farther to the northwest than our studies, came from gravity 
modeling (Griscom and Jachens (1990). At the same distance along the San Andreas 
fault zone as the North Palm Springs earthquake the new profiles suggest dips of 45° to 
55° on the Garnet Hill fault and 45° to 60° on the Mission Creek fault. If further 
processing and interpretations confirm these northeasterly dips, then all three strands of 
the San Andreas fault zone dip to the northeast. This may, at least in part, account for 
off-fault seismicity in the Little San Bernardino Mountains, northeast of the San 
Andreas fault zone.

Interpretation of a seismic profile shot across the San Andreas fault at Durmid Hill, on 
the northeast side of the Salton Sea, indicates a detachment fault beneath mid- 
Pleistocene strata. Presence of a detachment fault beneath Durmid Hill was modelled 
using gravity data by Babcock (1969). The new data show a marked disconformity, 
possibly a detachment fault, at the same depth on the southwest side of the fault as 
modelled by Babcock, 200-300 m, but on the northeast side the possible detachment 
fault at about 300 m is only at half the depth of Babcock's model. Regardless of the 
depth of the disconformity, the seismic data further suggest the presence of a 
detachment fault.

Reports

Rymer, M.J., 1991, The Bishop ash bed in the Mecca Hills, in Walawender, M.J., and 
Hanan, B.B., eds., Geological excursions in southern California and Mexico: 
Guidebook, Geological Society of America, 1991 Annual Meeting, p. 388-396.
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Rymer, M.J., Weldon, R.J., and Boley, J., 1991, Contrasting types of fault interaction: 
Rotation, folding and antithetic fracturing in the San Andreas fault zone, Coachella 
Valley, California [abs.]: EOS, Transactions, American Geophysical Union, v. 72, no. 
44, p. 124.

Shedlock, K.M., Stephenson, WJ., Luzietti, E.A., and Rymer, M.J., 1991, Near-surface 
structure of the San Andreas and associated faults in southern California [abs.]: EOS, 
Transactions, American Geophysical Union, v. 72, no. 44, p. 351-352.
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Fault Segmentation: San Andreas Fault System

9910-03983

David P. Schwartz, Thomas E. Fumal, Suzanne Hecker, Thomas J. Powers 
Branch of Engineering Seismology and Geology

U. S. Geological Survey
345 Middlefield Road, MS 977

MenloPark, CA94025
(415) 329-5651

Investigations

The objective of the project is to quantify the behavior of the San Andreas fault between Tejon 
Pass and San Bernadino, and in the Santa Cruz mountains, and of the Rodgers Creek fault, 
with regard to segmentation, recurrence, slip rate, and slip per event. These parameters form 
the basis for long-term earthquake forecasting.

1. San Andreas fault-Santa Cruz mountains (Schwartz, Powers). Three trenches were 
excavated across the San Andreas fault at Grizzly Flat, 9 km east of the 1989 epicenter. The 
trenches exposed evidence of the past two large surface faulting earthquakes. The most recent 
event displaces all sediments and produced sub-vertical scarplets that are geomorphically fresh; 
only the active root mat is not offset. Dendro-corrected radiocarbon dates on detrital charcoal 
indicate this event occurred after 1669 AD. This is interpreted as the 1906 earthquake. 
Dendro-corrected radiocarbon dates on detrital charcoal indicate that the penultimate event 
occurred shortly before 1636-1660 AD. It is uncertain at present whether this paleoearthquake 
represents an independent event on the Santa Cruz mountains segment of the fault zone or was 
part of a long, multiple segment rupturing earthquake like 1906.

2. Rodgers Creek fault zone (Schwartz, Hecker, Powers). A set of eight trenches, six fault 
normal and two fault parallel, were excavated across the fault at the new Triangle-G site near 
Sonoma Mountain. At this location the fault is expressed as a 3- to 8-m-wide, 1-m-high , 
northwest-trending pressure ridge. The southwest edge of the pressure ridge is a scarplet 
formed by slip along subvertical faults; the northeast edge is a scarplet formed by slip along a 
series of low-angle reverse-oblique faults. The trenches expose a late Holocene sequence of 
alluvial deposits composed of gravel, sand, silt, and clay; slope-wash deposits; and scarp-
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derived colluvial wedges. Faulting extended to the surface in all but one trench, where the 
most recent events have been scoured out and then buried by unfaulted channel deposits. 
Based on upward terminations of individual fault traces and on colluvial wedges associated 
with the low angle faults, we can define the past three surface-faulting earthquakes. Analysis 
of radiocarbon dates from detrital charcoal is in progress |o provide the first direct measurement 
of earthquake recurrence intervals on the fault zone.

3. San Andreas fault-Wrightwood, CA. (Fumal). Using radiocarbon dates on peats and the 
historical record, our best estimates of the timing of the five most recent events at Wrightwood 
are: AD 1857, 1812, and about 1700, 1550, and 1450. Two of these events, 1812 and 1550, 
do not correlate the earthquake chronology at Pallett Creek, 25 km to the north, reported by 
Sieh and others (1989), and likely involved the San Bernadino Mountains segment.. Our dates 
suggest a more regular recurrence, with interevent times Of less than 200 years.

Reports

Okumura, K. Pantosti, D., Schwartz, D.P., Hecker, S., Powers, T.J., and Cinti, F.R., 1991, 
Evidence of repeated earthquakes and recurrence time a(ong the Rodgers Creek fault, Sonoma 
county, California (abs): EOS, v. 72, p. 446.

Prentice, C.S., and Schwartz, D.P., 1991, Re-evaluation of 1906 surface faulting, 
geomorphic expression, and seismic hazard along the San Andreas fault in the southern Santa 
Cruz mountains: Seismological Society of America Bulletin, v. 81, p. 1424-1479.

Schwartz, D.P., Okumura, K., Pantosti, D., Powers, T.J., and Fuentes, J.M., 1991,
Paleoseismic constraints on earthquake recurrence, San 
California (abs): Geological Society of America, Abs 
A98.

Andreas fault, Santa Cruz mountains, 
itracts with Programs, v. 23, n. 5, p.
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The Undrained Residual Strength of Cohesive Soils and 

Landslides During Earthquakes

Contract No. 14-08-0001-G1953

Dr. Timothy D. Stark
Assistant Professor of Civil Engineering

University of Illinois at Urbana-Champaign
2217 Newmark Civil Engineering Lab.

205 N. Mathews Ave.
Urbana, IL 61801

(217) 333-7394

PROJECT SUMMARY

A significant number of landslides have occurred in cohesive soils during 
earthquakes. Most notably, seven major landslides occurred during the 1964 Alaskan 
earthquake and all involved large masses of Bootlegger Cove clay. A recent revaluation 
of the Fourth Avenue slide in Alaska, showed that the surface lateral movements were 
either several feet or less than six inches. In areas where the movements were greater than 
six inches, it is postulated that the shear strength of the Bootlegger Cove clay was reduced 
to the undrained residual value. Once the undrained residual strength was mobilized, 
several feet of lateral movement occurred.

The main objective of the research proposed was to investigate the undrained 
residual strength of cohesive soils and the occurrence of landslides during earthquakes. To 
achieve this objective, undrained torsional ring shear tests are being performed on 
undisturbed specimens of naturally occurring cohesive soils, including the Bootlegger Cove 
clay. The results of the ring shear tests will be compared to the undrained shear strengths 
back-calculated for the Fourth Avenue slide, to estimate the strength mobilized at the time 
of sliding. The proposed investigation of the Fourth Avenue slide will greatly aid the 
understanding of the undrained strength loss, which can occur during earthquake shaking.

SUMMARY OF RESEARCH RESULTS

Undrained ring tests on undisturbed and remolded specimens of thirteen naturally 
occurring cohesive soils have been conducted at various shear displacement rates and 
initial effective normal stresses. An electric variable speed motor was connected to the 
Bromhead ring shear apparatus using a pulley system. The existing gear box system was 
disconnected so that shear displacement rates ranging from 20 to 900 mrn/minute could be 
obtained using the pulley system. The specimen container was also modified to 
accommodate a one cm thick specimen so that an undrained condition could be obtained. 
It can be seen from Figure 1 that the undrained residual strength ratio, defined as the
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undrained residual strength divided by the undrained peak strength, is directly related to 
the clay fraction of the soil. The undrained residual strength ratio starts at a value of 
approximately 1.0 and decreases to about 0.37 at a clay fraction of 20 percent. The 
undrained residual strength ratio remains essentially constant at 0.37 for clay fractions 
greater than 20 percent. This data implies that soils With a clay fraction greater than 20 
percent are susceptible to a large undrained strength loss if sliding is triggered during an 
earthquake.

Figure 2 presents a relationship between the undrained residual strength and clay 
fraction at a shear displacement rate of 400 mm/mimite and an initial effective stress of 
400 kPa. It can be seen that the undrained residual strength decreases from a value of 
approximately 270 kPa to 75 kPa at a clay fraction of about 20 percent. The undrained 
residual strength remains essentially constant at 75 kPa for clay fractions greater than 20 
percent. These values of undrained residual strength can be used to evaluate stability if 
sliding will be triggered during an earthquake.

The drained residual strength and the undrained residual strength measured for the 
thirteen naturally occurring cohesive soils are combined in Figure 3. The undrained tests 
were conducted at a shear displacement rate of 400 mm/minute and the drained tests at a 
drained displacement rate in accordance with Gibson and Henkel's (1954) procedure. The 
initial effective normal stress in the drained and undrained tests was 400 kPa. The 
following observations can be made from Figure 3: (1) at clay fractions less than 5 percent 
the undrained residual strength is slightly larger than the drained residual strength, (2) for 
clay fractions between 5 and 35 percent the undrained residual strength is significantly 
lower than the drained residual strength, and (3) at clay fractions greater than 35 percent 
the drained and undrained residual strengths are essentially equal to 70 kPa. If sliding is 
triggered in soils with a clay fraction between 5 and 35 percent, large rapid movements 
could result and continue after earthquake shaking has Ceased.

CONCLUSIONS

In summary, the initial results of this research have been enlightening and have 
been accepted for publication in the Journal of Geotechnical Engineering published by the 
American Society of Civil Engineers. The following conclusions are based on the data of 
the undrained ring shear tests performed during this study:

1.) The undrained peak strength ratio, i.e., the undrained peak strength divided by 
the effective consolidation stress, increased with increasing shear displacement rate. This 
suggests that cohesive soils will exhibit a greater resistance to sliding during an earthquake. 
However, subsequent conclusions will show that if sliding is triggered, there will be a large 
undrained strength loss, which may propagate sliding.

2.} The undrained residual strength ratio, Lei, the undrained residual strength 
divided by the undrained peak strength, ranged from approximately 1 to 0.37 for clay 
fractions less than 20 percent. The undrained residual strength ratio remained essentially 
constant at 0.37 for clay fractions greater than 20 percent. This implies that soils with a 
clay fraction greater than 20 percent are susceptible to a 60 percent undrained strength loss 
if sliding is triggered during an earthquake.

3.) The magnitude of the undrained residual strength 
clay fractions less than 20 percent. For clay fractions 
residual strength remains essentially constant at 75 kPa.

ranges from 270 to 75 kPa for 
greater than 20 percent the undrained
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4.) The undrained residual strength is significantly lower than the drained residual 
strength for clay fractions between 5 and 35 percent. This implies that if sliding occurs 
during an earthquake there will be a large strength loss, which may increase the magnitude 
of the lateral displacements and possibly propagate the sliding. Clearly slopes should be 
designed such that the undrained residual strength is not mobilized.

During the next phase of the research undrained ring shear tests will be conducted 
on the Bootlegger Cove Clay from the Fourth Avenue landslide. The undrained ring shear 
test results will be compared to the undrained shear strengths back-calculated for the 
Fourth Avenue slide to estimate the strength mobilized at the time of sliding. If these 
strengths are similar, it will provide an insight into the undrained strength mobilized during 
earthquakes, and thus the cause of landslides in cohesive soils during earthquakes.
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EXPERIMENTAL AND ANALYTICAL INVESTIGATIONS OF
THREE GRAVELLY SITES WHICH LIQUEFIED 

DURING THE 1983 BORAH PEAK, IDAHO EARTHQUAKE

USGS 14-08-0001-G1779

Kenneth H. Stokoe, II, Jose M. Roesset and Ronald D. Andrus 
The University of Texas at Austin 
Department of Civil Engineering

ECJ 9.227
Austin, Texas 78712

(512) 471-4929

Investigation

The primary objective of this study is to characterize the gravelly 
sediments which liquefied during the 1983 Borah Peak, Idaho earthquake. 
Liquefaction sites we are investigating include the lateral spread at the 
Pence Ranch, the lateral spread south of Whiskey Springs on the Larter 
Ranch, and a gravel bar just above Mackay reservoir. Mr. Andersen, who 
was standing on the gravel bar at the time of the earthquake, witnessed the 
bar crack and water shoot up to 0.9 m (3 ft) in the air. Since little information 
exists on the characteristics and field performance of gravelly materials 
subjected to earthquake shaking, these studies will aid in the development 
of criteria for assessing the liquefaction susceptibility of gravelly soils.

Results

We completed our field testing for this project during August 1990 
and September 1991, and are now in process of completing our analysis of 
the field data. The field work included drilling, seismic testing, in situ 
density testing and sampling. Drilling consisted of several cone soundings 
(CPT), standard penetration tests (SPT), and Becker soundings (BPT). 
Seismic tests were performed by surface wave, crosshole and downhole 
techniques. Crosshole testing was conducted in September using a 
recently developed, small diameter source and receiver. Holes for the 
crosshole tests were established by driving AW casing 6 m (20 ft) into the 
ground with the aid of a portable tripod and cathead system. In test pits, we 
conducted several 1.2-m (4-ft) ring density and sand cone density tests. 
Bulk samples were collected with the aid of a backhoe, just below the water 
table in the loosest zones.
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Liquefaction at Pence Ranch occurred in loose gravelly soils 
containing only a few percent fines. These findings have been summarized 
previous progress reports and in the paper by Andrus et al. (1991).

A map showing liquefaction effects and locations of testing at the 
Larter Ranch site is presented in Fig. 1. Liquefaction beneath the site 
caused the ground to move laterally into ths marsh about a meter. A 
complex set of fissures developed at the head of the lateral spread and the 
soil at the toe buckled. Fine sand erupted onto the lower half of the slope. 
CPT, SPT, BPT and Vs measurements along the toe are shown in the 
preliminary cross section in Fig. 2. Sediments from silty sandy gravel to silty 
gravelly sand (GM-SM) with some smaller intQrbedded layers of sandy silt. 
The sediment most likely to have liquefied lies below about 1.8 meters, 
labeled unit C. Unit C is characterized by CPT tip resistances of 6 to 105 tsf, 
SPT N-values of 5 to 15 blows/ft, BPT blowcounts of 3 to 5, and shear wave

EXPLANATION

SPT boring 
CPT sounding 
Becker testing 
Spectral-analysis 
of-surf ace-waves 
Crosshole testing 
Sand boil

Small 
Fissures

Major 
Fissure

Buckled Sod 

Thousand Springs Greek
Contour Interval = 0.6 m 
Local Elevation Datum

Fig. 1 - Map Showing Liquefaction Effects and Testing at Larter Ranch.
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Fig. 3 - Liquefaction Assessment 
Chart Based on Modified N-value 
(Seed et al., 1985) with SPT and 
BPT Results from Unit C.
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Fig. 4 - Liquefaction Assessment 
Chart Based on Shear Wave 
Velocity (Stokoe et al.,1989) with 
Results from Unit C.

velocities of 139 to 212 m/sec. The most widely used empirical approach 
for evaluating liquefaction potential of sands is a procedure by Seed and 
his colleagues based upon SPT test results. Without generally accept 
guidelines to correct for gravel, these procedures were applied directly to 
the gravelly sediment of unit C. Cyclic stress ratios are plotted versus 
average modified SPT N-value in Fig. 3. Also plotted is the average 
equivalent Becker N-value. Both values lie within the liquefiable region. 
Another simplified procedure developed for liquefaction assessment of 
sands is based on measured shear wave velocity and maximum ground 
acceleration, see Fig. 4. The lowest shear wave velocity measured by the 
crosshole method in unit C is also plotted in Fig. 4. This value lies within 
the region of predicted liquefaction.
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United States Earthquakes 

9920-01222

Carl W. Stover
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1500

Investigations

Two hundred and ten earthquakes in the United States and Puerto Rico, were 
canvassed by a mail questionnaire for felt and damage data during the period 
April 1, 1990 to September 30, 1991. One hundred and two of these earth­ 
quakes occurred in Alaska, 68 in California, 38 in twenty-two other states, 
and 2 in Puerto Rico.

A damage survey of the epicentral region of the Sierra Madre, California, 
earthquake of June 28, 1991, was made by Carl Stover and Glen Reagor. 
The preliminary intensities and isoseismal map was published in Open-File 
Report 91-388.

A revision of the mail questionnaire (Earthquake Report Form 9-3013) to meet 
the new Post Office mailing requirements has been completed by Lindie Brewer 
and is awaiting final USGS approval before printing.

Version 2.0 of the Global Hypocenter Data Base CD-ROM containing 40 earth­ 
quake catalogs listing 658,870 hypocenters for the period 2100 B.C. through 
1990 has been compiled by Glen Reagor and is in final review.

Glen Reagor is updating the Earthquake Data Base System (EDBS) with the "New 
catalog of strong earthquakes in the USSR from Ancient time through 1977" 
(1122 through 1977) and with the annual USSR catalogs for the period 1963 
through 1988.

United States Earthquakes, 1987, has been compiled and a manuscript is in 
progress.

Results

Seven earthquakes caused damage (intensity VI or higher) during this period; 
four in California, two in Missouri, and one in New York. Two of the earth­ 
quakes in California had an MM intensity of VII; one near Sierra Madre in 
southern California and one near Honeydew in northern California. The 
Sierra Madre, California, earthquake on June 28, 1991 (magnitude 5.8 M^), 
caused two deaths, 107 injuries, more than $33.5 million in property damage, 
and was felt over an area of about 58,500 km2. The earthquake near 
Honeydew, California, on August 17, 1991 (magnitude 6.0 ML), caused chimney 
and bridge damage, fallen water tanks, and change in the flow of water in
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springs and wells. The two earthquakes in southeast Missouri, one near 
Maiden (magnitude 4.6 MR TUL) on May 4, 1991, and the other near Thayer (4.0 
M GS, 3.8 M TUL) on July 7, 1991, had MM intensity VI; both epicentral 
areas reported cracked chimneys and brick walls. The New York earthquake 
near Warnerville (magnitude 4.0 Mn GS, 4.1 Mn BLA) also had an MM intensity 
VI based on a report of chimney damage.

The Earthquake Data Base System (EDBS) has been updated through the current 
PDE and through February 1991, Monthly Listing. During the period of this 
report (April 1, 1991-September 30, 1991), 94 searches have been made on the 
EDBS for non-government users resulting in fees of $4,740.

A 1.2M "Demo Disk" (floppy disk) has been created to simulate a CD-ROM data 
base for users who may be interested in the Global Hypocenter Data Base CD- 
ROM.

The professional paper "Seismicity of the United States, 1568-1989 
(Revised), has been reviewed and approved through CTR and is in the final 
stage of editing. The manuscript should be ready for printing by the end of 
1991.

United States Earthquakes, 1986 (Bulletin), has been completed and is under 
technical review.

Reports

McCartan, Lucy, Snyder, S. L., and"Stover, C. W. , 1991, Map showing the
relationship of selected mafic and ultramafic bodies in the crust of 
the eastern United States to seismically active areas: U.S. Geological 
Survey Miscellaneous Field Studies Map MF-2143.

Stover, C. W., and Reagor, B. G., 1991, Preliminary isoseismal map for the 
Sierra Madre, California, earthquake of June 28, 1991 UTC: U.S. 
Geological Survey Open-File Report 91-388, 16 p.
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Seismic Review and Data Services 

9920-01204

James N. Taggart
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 969
Denver, Colorado 80225

(303) 236-1506

Investigations

This project distributes copies at cost of filmed seismograms from the 
Worldwide Standardized Seismograph Network (WWSSN), the Canadian Standard 
Network (CSN), and various stations with historical (pre-1963) records. In 
addition, the project receives and processes the original WWSSN analogue 
seismograms for photography, and afterward returns them to the stations.

Results

Four-hundred and twenty station-months of WWSSN seismograms were processed 
during fiscal year 1991. The seismograms were received from the stations, 
reboxed, stamped, collated, sent to the contract photographer, returned from 
the photographer, and mailed back to the stations after the films passed 
quality control requirements. Fewer problems with the old government-owned 
camera and with the contractor's employee turnover reduced delays compared 
with the previous year. Copies of CSN seismograms on 35mm reels were 
received on schedule from the Geological Survey of Canada. No films of 
historical seismograms were added to the archives this year.

The number of active stations in the WWSSN continues to decline, partly as a 
result of the replacement of the 1960 vintage analog seismographs with 
modern broadband digital systems. The quality of the recent data from the 
active WWSSN stations is still very good because these stations are operated 
by well-trained staffs. Many of the closed or inactive stations were beset 
with financial, political, or cultural encroachment problems.

Six standing orders for WWSSN microfiches and one standing order for CSN 
monthly station reels were received this year. We also received 37 special 
orders for films, ranging from a few to forty thousand seismograms. 
Approximately 480,000 filmed seismograms were copied and distributed to fill 
the 44 orders.
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COMPUTER GRAPHICS LABORATORY

9950-04541

A. C. Tarr 
Branch of Geologic Risk Assessment

U. S. Geological Survey
MS 966, Box 25046, Denver Federal Center

Denver, CO 802^5
(303) 236-1605

Investigations

The objective of this project is to provide computer graphics services (such as access to 
Geographic Information System (GIS) software) to USGS geological hazards 
investigators. These services include (1) consultation on digital spatial data base design 
and data acquisition, (2) training in the use of GIS methods, (3) assistance in the 
assembly of large spatial data sets, and (4) research into advanced spatial data analysis 
topics. In addition, the Laboratory manages a large Geological Hazards Data Base.

Specific investigations conducted during Fiscal Year 1991 were (1) Mississippi 
embayment geologic hazards data base, (2) Pacific Northwest geologic hazards data 
base, (3) Colorado eolian soils map, (4) Meers Fault maps, (5) ARC/INFO user interface 
development, and (6) Laboratory expansion.

Results

Mississippi Embayment - During FY91, digital line gtaph (DLG) data were procured for 
an area of 30 sq. degrees in the central United States centered on the Mississippi 
embayment. Digital base data layers for eight 30- by 60-minute (l:100,000-scale) 
topographic quadrangles encompassing the New Madrid seismic zone were added to 
the Geologic Hazards Data Base. These layers are hydrography, roads and trails, 
railroads, airports, pipelines, and power transmission lines. Other thematic data layers 
added include two instrumental earthquake catalogs, shallow reflection and Vibroseis 
shot lines, and seismotectonic features. Data tapes for one SPOT satellite image of the 
Reelfoot Lake area and SPOT Metroview of Memphis were purchased for future use as 
image backdrops for display of thematic data and for image processing experiments to 
enhance geomorphic features. In addition, arrangements were made to program the 
SPOT satellite to acquire a multispectral image of the New Madrid area during the 
winter of 1991-1992 to minimize the effect of vegetative cover-

Numerous maps and illustrations were produced ir 
Notable among these were a preliminary 
region and a map of infrastructure elements at risk 
maps of interest were of Memphis and vicinity at

the Laboratory for use by workers. 
seismoted:onic map of the New Madrid

S. Rhea and R. Wheeler. Other 
several scales and geographical scope
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that will be used later as a base for ground response and liquefaction susceptibility 
maps.

Pacific Northwest  During FY91, digital data base layers for three 30- by 60-minute 
(l:100,000-scale) topographic quadrangles encompassing the southern Puget Sound 
were assembled and added to the Geologic Hazards Data Base. These layers are 
hydrography, roads and trails, railroads, airports, pipelines, and power transmission 
lines. The surficial geology thematic data layer for the southern Puget Sound is 
approximately 65% complete as mapping of the northern half of the Tacoma 
quadrangle has not yet been completed. Other thematic data include the University of 
Washington catalog of instrumental seismicity, MM intensities for the 1965 Puget 
Sound earthquake, and seismic response stations in the Olympia area.

An experimental procedure was devised to produce a map of theoretical intensity 
modified for the effect of geology. The procedure used empirically determined radii of 
isoseismals and corrections for geologic unit type. The procedure may also be used 
with contours of acceleration on hard rock and correction factors other than geology.

Colorado Eolian Soils Map   A series of digital Soil Conservation Service STATSCO soils 
series maps for Colorado were assembled using ARC/INFO. The work is a prototype 
experiment prior to acquiring soils and surficial geology data in seismically-active 
areas such as the Mississippi embayment. R. Madole is using these Colorado digital 
soils data to prepare color eolian soils maps of eastern Colorado that will be used in his 
arid lands research for the Global Change and Climate History Program. In addition, 
we obtained a data tape of U.S. soils series (NATSCO) from Branch of Sedimentary 
Processes. The data were compiled at a scale of 1:7,500,000 and are also in ARC/INFO 
format.

Meers Fault   A rubbersheeting method using ARC/INFO on distorted geologic map 
data of the Meers Fault area of Oklahoma was completed for M. Cecil. The adjusted 
geology will be overlaid on a series of GP maps depicting gravity and aeromagnetic 
anomalies of the study area. The digital data layers will be directly used in the 
production process of preparing the maps for publication.

ARC/INFO User Interface   MAPX 2.0, a utility for the production of complex thematic 
maps using ARC/INFO continues in development. Numerous black-and-white 
illustrations and large-format color maps were composed during the reporting period 
using MAPX 2.0.

Laboratory Expansion   The number of projects requesting services from the Computer 
Graphics Laboratory increased substantially during the previous fiscal year, resulting 
in contention for the available hardware and software resources in the Laboratory. At 
the beginning of FY91, Laboratory computer resources consisted of one Sun 
Microsystems 3/60 workstation with a 327 MB hard disk, a single-seat ARC/INFO 
license, and an Altek AC40 digitizing tablet (36" by 48").
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Because strong growth of CIS-related projects was anticipated in the future, a phased 
expansion plan was completed in FY91. The first phase included the addition of a 
three-seat ARC/INFO license for a Sun 3/280 file server in the Branch Computer 
Center, a single-seat ARC/INFO TIN (Triangulated Irregular Network) module, two 
650 MB hard disks, acquisition of a Tektronix 4207 terminal, and purchase of terminal 
emulation software for two Macintoshes. Later in FY91, a second phase included an 
additional 3 GB of online storage, an Exabyte 8mm tape drive for data base backups 
and data exchange, a Sun 4/75GX workstation, and an additional ARC/INFO single- 
seat license.

SYBASE relational data base management software was procured to provide the a tool 
for managing the various heterogeneous data bases in the Branch, including the GIS 
data in the Computer Graphics Laboratory and the National Landslide Information 
Center. The Geologic Hazards Data Base is now accessible to USGS-supported projects 
that have access to the Internet and to ARC/INFO.

Reports Published

Rhea, Susan, Wheeler, Russell L., and Arthur C. Tar^, 1991, GIS-based seismotectonic 
maps of the Mississippi Embayment, in Fourth Interhational Conference on Seismic 
Zonation, Earthquake Engineering Research Institute, Stanford, Calif., v. 3, p. 633-640.

Tarr, Arthur C., 1991, GIS activities supporting seisnfiic zonation studies in the southern 
Puget Sound, Washington: A case study, in Fourth International Conference on Seismic 
Zonation, Earthquake Engineering Research Institute, Stanford, Calif., v. 3, p. 529-536.
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LIQUEFACTION IN THE MONTEREY BAY REGION
1-9910-01629

John C. Tinsley
Branch of Western Regional Geology

345 Middlefield Road MS-975
Menlo Park, California 94025

415/329-4928

Thomas L. Holzer and Michael J. Bennett
Branch of Engineering Geology and Seismology

345 Middlefield Road MS-977
Menlo Park, California 94025
415/329-5613 or 415/329-4890

William R. Dupr6
Department of Geology
University of Houston
Houston, Texas 77004

713/749-3710

Investigations

1. Liquefaction instrumental arrays, Marina District: The USGS plans to install two 
downhole piezometers and two SMA-1 accelerographs at Marina Middle School, San 
Francisco, California, adjacent to the USGS Deep Borehole (Kayen and others, 
1990). Alternative sites include Marina Green.

2. Liquefaction Instrumental Arrays, Southern California: Installation of two downhole 
piezometers and two SMA-1 accelerographs at a suitable site in southern California 
is planned. The presently favored choice of site for this array is in the San 
Bernardino area, with alternative sites under consideration in tidewater areas of 
Ventura and Los Angeles counties.

3. Regional Studies of Liquefaction-Related Ground Failure, Monterey Bay Area, 
California: A second year of funding has been invested in stratigraphic and 
geotechnical analyses of 4 additional lateral-spread ground failures, and studies to 
determine threshold accelerations at sites where liquefaction was anticipated but did 
not occur, including key geologic map units of Dupre and Tinsley (1980) to 
determine how close these deposits may have been to liquefaction during the 1989 
earthquake and to provide additional insights into improving means of mapping 
liquefaction hazards at regional and larger scales.
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Results

1. Permits and conditions of access are completed 
Winfield Scott School site). No additional results

2. The feasibility of installing a liquefaction array

for the Marina District (near the 
to report.

is being explored for several sites in
the San Bernardino area near the Santa Ana river, in the Ventura area along the 
lower reaches of Camarillo Creek or the Santft Clara River, and in the tidewater 
reaches of the Los Angeles river, the Santa 4na river, and Ballona Creek basin. 
Arrangements for installation of this array are incomplete. Currently at issue are 
considerations of site availability, continued access, proximity to seismic sources 
judged likely to produce ground motion sufficient to cause liquefaction during the 
presumed life of the array, likely stability of ground water levels during the 
foreseeable future, proximity to a free-face, enhancing the likelihood of lateral 
spreading occurring if liquefaction occurs, and relative freedom from vandalism.

3. A second year of post-Loma Prieta funding for stjudies of liquefaction-induced ground 
failure has been directed towards two goals: 1) Improving understanding of material 
properties as controlling factors in genesis of lateral spreading and 2) evaluating 
means of mapping and predicting liquefaction and lateral spreading ground failures. 
Six additional lateral spread ground failure sites were studied, and six sites that did 
not undergo liquefaction were also explored in order to determine how close these 
sites may have been to thresholds of ground failure owing to liquefaction.

i 
In 1991, a total of 69 cone penetrometer soundings and standard penetrometer test
borings were conducted at 11 sites, resulting in 858 meters of CPT soundings, 133 
SP tests, 339 samples taken, including 56 f4et of Shelby tube samples. The 
laboratory will be busy in FY 1992. An additional 25 radiocarbon samples were 
procured and a subset of 10 samples for accelerator-mass-spectrometer dating is 
being selected.

Laboratory work is completed on more than £00 geotechnical samples obtained 
during FY 1990, including Standard Penetrometer Testing, grain-size distribution,
Atterberg limits, moisture content, and detailed 
taken during 1989 and 1990; these data have 
database management system (GTGS) and are

stratigraphic description of samples 
been installed into a geotechnical 
being interpreted.

Radiocarbon samples submitted in 1990 for accelerator mass-spectrometer dating 
have been received and results support the reigning paradigm that the youngest 
cohesionless deposits (those that are historical or just a few hundred years old) have 
the greatest susceptibility to liquefaction, a trait noted by Youd and Perkins (1978) 
and exploited by Dupre and Tinsley (1980) and Tinsley and others (1985) in 
published liquefaction potential mapping in thq Monterey Bay area and in the Los 
Angeles region.
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The location of lateral-spread ground failures and other sites of liquefaction manifest 
by sand-boil activity during the Loma Prieta earthquake were chiefly restricted to 
laterally accreted depositional facies, with special emphasis on point-bar facies (a 
heretofore not well-recognized finding) along the lower meandering reaches of the 
coastal streams, chiefly the Salinas, Pajaro, and San Lorenzo rivers in the Monterey 
Bay area, a coastal setting wherein response by rivers to stable or slowly rising 
Holocene sea levels has been the deposition of locally extensive areas of point-bar, 
levee, and channel deposits bounded by vertically accreted floodbasin and floodplain 
deposits. The vertically accreted facies were effectively immune to liquefaction and 
lateral spread ground failure during the 1989 earthquake, in stark contrast to effects 
mapped in the laterally-accreted facies.

Facies analysis of zones of failure continues in the coastal zone, where a complex 
interplay of longshore bars, eolian dune deposits, and historical changes in the 
location of rivers and bay mouths make a more complicated stratigraphic picture 
compared to the purely fluvial setting.

Miscellaneous Field Studies Map MF-1199 (Dupre and Tinsley, 1980) showing 
geology and liquefaction potential in the southern Santa Cruz and northern Monterey 
County areas has been reprinted and is available through USGS distribution outlets 
as of October, 1991.

References cited

Dupr6, W.R. and Tinsley, J.C., 1980, Geology and liquefaction potential, northern Monterey 
and southern Santa Cruz Counties, California: U.S. Geological Survey Miscellaneous 
Field Studies Map MF-1199, 1:62,500.

Kayen, R.E., Liu, H-P., Fumal, T.E., Westerlund, R.E., Warrick, R.E., Gibbs, J.F., and Lee, 
H J., 1990, Engineering and seismic properties of the soil column at Winfield Scott 
School, San Francisco in Effects of the Loma Prieta earthquake on the Marina 
District, San Francisco, California: U.S. Geological Survey Open-File Report 90-253, 
p. G1-G18.

Tinsley, J.C., Youd, T.L., Perkins, D.M., and Chen, A.T.F., 1985, Evaluating liquefaction 
potential in Ziony, J. I. (ed), Evaluating earthquake hazards in the Los Angeles 
region an earth science perspective: U.S. Geological Survey Professional Paper 1360, 
p. 263-316.
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Reports

None at this time.
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Implications for Tectonics, Paleoseismicity, and Gtound Failure from Soft-Sediment 
Deformation in the Marked Tree Area of the New Madrid Seismic Zone

Agreement No. 14-08-OOOtl-G2001

Martitia Turtle and Leonardo Seeber
Lamont-Doherty Geological Observatory

Palisades, New York 10964

(914)359-2900

Introduction
This study focussed in the southern portion of the New Madrid Seismic Zone 

was not funded until February of 1991. Materials including topographic maps, 
county soil surveys, borehole data, and aerial photographs have been gathered and 
reconnaissance of selected sites along drainage ditches and rivers have been made. 
As the result of the reconnaissance, three sites have been selected for detailed site 
investigations scheduled for November and December, 1991. Results of the site 
investigation, in conjunction with borehole and satellite data, will be analyzed to 
better understand factors contributing to liquefaction-related ground failure. In 
addition, satellite data will be used to study possible relations between regional and 
local ground deformation. Therefore, this report summarizes work performed to 
date; but does not offer conclusions which can be reached only after the site 
investigations and image analysis are completed.

Reconnaissance
During the first trip to the region in July 1991, a visit was made to the 

Memphis Office of the Army Corps of Engineerg to discuss recently cleaned or 
constructed drainage ditches in northeastern Arkansas and southeastern Missouri. 
During this visit, channel excavation plans, drawn on aerial photographs and 
including borehole data, were acquired for eight different ditches in the study area.
Based on soil patterns visible on the aerial photographs and the sedimentary
sequence expressed in the borehole data, sites along the ditches were selected for 
field reconnaissance. Selected sites were visited along Big Creek Ditch, Blackfish
Bayou, Gibson Bayou, Cross County Ditch, Ditch #10 west of Truman, Rivervale
Ditch, and Main Ditch. Only at Big Creek Ditch and Rivervale Ditch did high water 
level or thick vegetation inhibit the reconnaissance. In addition, two sites of 1811-12 
block-fault fissuring along the St. Francis River as described by Fuller (19112) were 
relocated. Unfortunately, both sites were flooded due to the cultivation of rice; and 
one of the sites had been modified to serve as a loca 1 drainage ditch. Exposures along 
the St. Francis River in this area near Twist, Arkansas are very limited due to thick 
growth of vegetation.
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During the second trip in October 1991, reconnaissance was conducted along 
Central Ditch near Marked Tree. In addition and at the suggestion of Steve 
Wesnousky, sites previously documented by him and Lisa Leffler (1991) along Ditch 
#12 were visited. Reconnaissance was also conducted along nearby Ditch #10, which 
have recently been cleaned. Based on the reconnaissance of all the ditches, three 
sites of liquefaction in 1811-12 have been selected for further investigation. Two of 
the sites have been selected for the purpose of studying geologic factors influencing 
ground failure. At these sites, the style of ground failure was similar, with vertical 
displacements of the 1811 ground surface exceeding 1 m, yet the environment of 
deposition of sediments in which liquefaction and ground failure occurred differed. 
One site is located within meander-belt deposits north of Blytheville, Arkansas, and 
the other site is located within braided-stream deposits west of Big Lake. A third site 
has been selected along Central Ditch for the purpose of studying 'sand sloughs' as 
described by Fuller (1912). Native American artifacts have been discovered at this 
site and will be registered by Dan Morse of the Arkansas Archaeological Survey.

Site Investigations
During the detailed site investigations planned for November and early 

December, 1991, maps of the sites will be made that define the topography and 
trench locations. In addition, the sedimentary sequences, as well as liquefaction 
features and associated ground displacements, will be documented. These field 
observations along with geotechnical data provided by the Army Corps of Engineers 
will be evaluated in terms of possible mechanisms of ground failure. In the event 
that paleoliquefaction features are discovered, then sediment and organic samples 
will be collected for the purpose of identifying source layers of liquefied sand and 
dating the age of the features.

Analysis of Satellite Data
Early in 1992, customized maps incorporating satellite data and scanned aerial 

photographs of study sites will be constructed and analyzed in conjunction with 
results of the field investigations. It is anticipated that this approach will help define 
both the geological and topographic factors influencing ground failure. In addition, 
local deformation, as described at the study sites, will be evaluated in relation to 
regional deformation and within the context of the tectonic setting of the New 
Madrid Seismic Zone.

References
Fuller, M.L., 1912, The New Madrid earthquake, U.S. Geological Survey 

Bulletin, v. 494, 119 p.

Wesnousky, S.G. and L. Leffler, 1991, On the search for paleoliquefaction in 
the New Madrid Seismic Zone, 63rd Annual Meeting of the Seismological Society of 
America, Eastern Section Meeting, Program and Abstracts, p. 65.
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LOCAL GOVERNMENTUSECF USGS EARTHQUAKEHAZARDS INFORMATION
Assessment of Practice in the San Francisco Bay Region

USGS Award X14-08-0001-G2130

Co-principal Investigators: Martha Blair TVler and George Mader
WILLIAM SPANGLE and ASSOCIATES, Inc. 

3240 Alpine Rd Portola Valley, CA 94028 * (415)854-6001

ABSTRACT

Identification of the Problem

The San Francisco Bay Area probably has the most complete earthquake hazards 
information of any region in the country. Over the last ^5 years, studies have been 
conducted by USGS, as well as the State of California and local agencies resulting in a large 
array of maps and reports describing the region's geologic and seismic hazards. The 
information is intended to provide the basis for local programs to reduce earthquake 
hazards. The question is whether the information has successfully provided this basis. The 
fact is nobody really knows.

We propose to conduct a study to find an answer to that question and provide 
recommendations as follows: 1) how have local agencies, particularly planning agencies, 
used USGS products to improve seismic safety, and 2) how might the products, and their 
transfer to potential users, be improved to increase their use? There is no better place in the 
country to seek answers to these questions. The information has been available long 
enough to judge its effectiveness. Here public awareness of earthquake hazards is high, 
giving impetus to the use of hazards information. The state mandates a sophisticated 
system of local planning requiring the use of geologic and seismic data. If earthquake 
hazards information is not being used effectively in this region, it is questionable if it is 
being used effectively anywhere.

Questions are often asked about how local governments in the Bay Area reduce seismic risk 
and what kind of information they use. We have been working in this field in the Bay 
Area for about 25 years, but our information is fragmentary. To our knowledge, no one can 
easily answer this question. During the late 1970's,William Kockelman, a planner with 
USGS, conducted surveys and evaluations of products, their users and their uses in 91 cities, 
9 counties and selected multi-county agencies in the Bay Area. Since that time, new 
information has been produced and the region has experienced a damaging earthquake. A 
reevaluation is urgently needed covering both the use and usefulness of earthquake 
hazards information and maps produced during the last Approximately 25 years.

To determine how well earthquake hazards information meets local government needs, it 
is crucial to understand how local governments are actually using it. We suspect that local 
governments are using maps and reports in innovative ways that are not widely known. 
However, local government officials rarely have time to report on their programs and 
information about such programs is not routinely transferred to other potential users. 
Also, we believe that some local agencies simply do not use USGS products because they do 
not meet their needs. Reasons for non-use have not beeii adequately documented.
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To find out how local governments are actually using earthquake hazard information takes 
considerable interaction with their staffs. In some cases, information may be so routinely 
used that no one thinks to identify it as a use. And, all too often, departments within the 
same city or county may not know how information is used by other departments. In other 
cases, the information may have been combined with other data so that its source is all but 
lost, or the information leading to a policy or regulation is not identified. We know that 
agencies often use earthquake hazards information in hard-to-identify ways in programs 
peripheral to land use planning and regulation. It will take experience, time and much 
probing to determine what USGS products are being used and how.

Summary of Approach

We propose to find out how local governments (cities, counties and regional agencies) in 
the Bay Area are using earthquake hazards information through on-site interviews with 
staff people in up to 30 cities and counties, including the 9 counties touching San Francisco 
Bay, plus Santa Cruz County. We will review data from the 1975,1976a, 1976b and 1979 
work by William Kockelman and draw on our own experience to select 20 cities for 
interviews. The selection will include cities known to be using USGS information as well 
as cities suspected of nonuse.

The interviews will be arranged with local planners, but will include other local agency staff 
members, such as geologists, managers, public works officials and building officials, as 
appropriate. These interviews will explore the uses of earthquake hazards information, 
problems encountered in using the data, and ideas for improving the usefulness of 
earthquake hazards maps and reports. At the conclusion of the interviews, we will write 
two reports: 1) a memo report directed to USGS containing recommendations for 
improving the content, format and transfer of information intended for use by local 
governments, and 2) a fully illustrated report directed to planners and other local 
government officials summarizing how earthquake hazards information can be better 
applied by local governments in the Bay Area.

The staff at William Spangle and Associates, Inc. is fully qualified to conduct such a study. 
In the 1970's, as part of the USGS/HUD San Francisco Bay Region Study, we conducted a 
state-of the-art review of the use of earth science information by planning agencies across 
the nation. The results are summarized in USGS Circular 721, Earth-Science Information 
in Land Use Planning. We also collaborated with USGS scientists to write three USGS 
Professional Papers published in 1979: Seismic Safety and Land Use Planning (941-B), 
Flatlands Deposits (943), and Relative Slope Stability and Land Use Planning (944). In 1987, 
for the California Seismic Safety Commission, we prepared: California at Risk, Steps of 
Earthquake Safety for Local Government, describing 30 actions that local governments can 
take to reduce earthquake risk. Also, as part of a National Science Foundation grant, we 
published in 1988: Geology and Planning: The Portola Valley Experience, documenting the 
twenty years of experience of the Town of Portola Valley in integrating geologic data into its 
planning process. Finally, we propose to maintain close coordination with the USGS 
Menlo Park staff throughout this study.
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Project Objectives

The project has two basic objectives:

1. To determine how local governments in the San Francisco Bay Region are using 
earthquake hazards information, particularly that provided by USGS.

2. To explore how the content, format and transfer of earthquake hazards information 
might be modified to foster more effective use.

Anticipated Results

We anticipate two kinds of useful results. First, we think that USGS will greatly benefit 
from this detailed evaluation of its program to provide earthquake hazards information for 
local governments. We expect to find that some jurisdictions do not use USGS products 
because map scales are too small, explanations are too technical, map coverage relates 
poorly to jurisdictional boundaries and other reasons. In some cases, the information may 
need another level of interpretation or be too removed from the basic data; in others, we 
may find that no one in the local government is really qualified to make effective use of the 
data. All of these potential problems have solutions. C 'nee USGS has solid information 
about barriers to the use of its products, it will be in a better position to take action to 
improve their use.

The second result will be a selective review of how Bay Area jurisdictions are using 
earthquake hazards data. We do not have this information now. It will be useful both to 
USGS in planning future mapping programs and to local government officials looking for 
effective ways to use geologic information in their communities. It is very helpful to have 
specific information about what other jurisdictions have tried and how it has worked for 
them.

Implication of the Project Results

We believe the long term implications of successful completion of the proposed project will 
be twofold. First, earthquake hazards information better suited for use by local 
governments could be forthcoming from USGS and other producer agencies. Second, with 
information better tailored to their needs, local governments would implement more
effective programs to reduce the impacts of earthquakes 
communities.

Work Completed to Date

and other geologic hazards on their

We are in the initial months of our study. We have reviewed earlier studies done by 
William Kockelman. We have prepared a detailed list 4>f USGS earthquake hazard 
information for each county in the Bay Area, including fclata from the San Francisco Bay 
Region Study and more recent USGS maps and studies. We have selected cities to 
interview, including cities known to use USGS information as well as cities suspected of
nonuse. We met with Robert Brown, Roger Borcherdt and William Kockelman, all of
USGS, Menlo Park, to discuss our project and get ideas on how our study can be of most
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benefit to USGS staff and the earthquake hazards reduction program. William Kockelman 
has reviewed our USGS products lists and selected interview locations.

We are preparing an interview guide to send to local agencies prior to our on-site 
interviews. This guide will serve as a basis for our discussions. The guides contain a list of 
USGS products for the subject county and asks local agency staff to describe the use of each 
product on the list. The guide also asks for the identification of problems encountered in 
using the data and suggestions for improving the usefulness of earthquake hazards maps 
and reports. We will soon begin on-site interviews with local agency staffs.
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Use of ring patterns in buried spruce stumps to test for sudden synchronous 
submergence of the Washington and Oregon coasts 300 years B.P.

Agreement No. 14-08-0001-G1969

David K. Yamaguchi
Institute of Arctic and Alpine Research 

University of Colorado 
Boulder, CO 80309-0450

Telephone: 303-492-8841

Purpose

This study examines the synchrony of death among submerged Sitka spruce 
(Picea sitchensis) stumps on the Washington and northern Oregon coasts. The 
stumps were probably killed by coseismic submergence from a great Cascadia 
earthquake about A.D. 1700 (Atwater et al. 1991).

Significance

What was the magnitude of the last great Cascadia earthquake? Much 
research effort is currently directed towards answering this question. 
Radiocarbon and tree-ring studies of remnant spruce stumps preserved in 
submergence outcrops on the Washington, Oregon, and northern California coasts 
are probably the key to answering this question. The reason is that many such 
stumps contain large lateral roots with wood that is intact to bark. The 
ring-width patterns of such spruce stumps are probably not sufficiently long 
or distinctive to assign a calendric date to individual tree deaths by 
dendrochronology. The purpose of this project is to evaluate whether or not 
the ring patterns of such stumps can be utilized to determine the relative 
timing of individual tree death between trees And sites. In particular, do 
entombed root ring patterns support a common, Synchronous year of death, as 
would be expected if trees died from coseismic submergence after a great 
earthquake? Second, can the spruce root rings be used to demonstrate 
synchronous relative death dates for spruce at sites spaced along the 
Washington, Oregon, and northern California coasts? In these ways, the spruce 
root ring patterns might provide rigorous evidence to distinguish a single 
large earthquake 300 years ago from multiple smaller quakes spaced closely in 
time.

Field studies

In August 1991, root wood samples complete to bark were collected from 
multiple tree stumps at four sites along the southern Washington and northern 
Oregon coasts: Copalis River, Bay Center beach, Niawiakum River, and Nehalem 
Bay. Wood samples at the first three sites include the same stumps for which 
high-precision radiocarbon dates are already available (Atwater et al. 1991), 
thereby anchoring spruce root ring patterns in time.
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Laboratory studies

All collected samples have been air dried; most are still being sanded. 
Preliminary statistical evaluations of a few samples available to us before 
the 1991 field season shoved, however, that shared ring-width variation among 
spruce roots is weak. Thus, I doubt we will be able to prove or disprove 
synchronous tree death from estuary to estuary along the Washington and Oregon 
coasts. We presently hope, however, to be able demonstrate synchronous death 
among different stumps sampled within the same estuaries. Such data would at 
least increase the evidence for an earthquake origin for coastal submergence 
and tree death.

Publications

None.

Related recent publications:
Atwater, B.F., Yamaguchi, D.K. 1991. Sudden, probably coseismic submergence of

Holocene trees and grass in coastal Washington state. Geology 19:706-709. 
Atwater, B.F., Stuiver, M., Yamaguchi, D.K. 1991. Radiocarbon test of

earthquake magnitude at the Cascadia subduction zone. Nature 353:156-158. 
Yamaguchi, D.K., Atwater, B.F. 1991. Tree-ring record of the 1964 great

Alaska earthquake: implications for Cascadia paleoearthquake studies.
Eos 72:313.

(Nov. 18, 1991)
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Collaborative research (USGS and Univ. of Colorado): Killed- 
forest record of the great 1964 earthquake in Alaska

Agreement No. 14-08-0001-G2075

David K. Yamaguchi
Institute of Arctic and Alpine Research 

University of Colorado 
Boulder, CO 80309-Q450

Telephone: 303-492-8841

Purpose

This project examines the rates at which Sitka spruce (Picea sitchensis) 
died in forests submerged below high tide and buried in intertidal silt 
following coseismic submergence during the March 1964 great Alaska earthquake.

Significance

The 1964 Alaska earthquake is the only recent earthquake to have killed 
coastal Sitka spruce forests by coseismic submergence. It is thus an 
important modern analog for past earthquakes on the Washington, Oregon, and 
northern California coasts that similarly killed Sitka spruce forests by 
coseismic submergence. Other ongoing studies have used high-precision 
radiocarbon dates to date an inferred great earthquake on the latter coastline 
to ca A.D. 1700, and to place lower limits on its magnitude (Atwater et al. 
1991; B. F. Atwater, unpublished data 1991). However, these studies have 
assumed that submerged spruce die quickly after submergence, and therefore 
accurately record submergence dates. Until now, this assumption has not been 
tested.

Field studies

In July 1991, three submerged spruce forest study sites (Appendix 1) were 
selected along Turnagain Arm near the town of Girdwood, southeast of 
Anchorage. The three sites were sited along a salinity gradient, determined 
in the field from the fiord positions of individual sites, the species 
richness of herbaceous plants inhabiting marsh surfaces today, and water 
salinity measurements. Specific study sites were sited in locations where 
banks are actively eroding, exposing freshly-exhumed trees for sampling. At 
each site, we collected wood samples from 5-9 dead Sitka spruce.

To establish local climatically-controlled ring-width patterns, needed to 
identify rings in submerged trees, we also collected paired tree cores from 
over 20 living Sitka spruce in the intact forest near Girdwood. Fortuitously, 
we also collected cores from living Sitka spruce at the leading edges of 
forests that survived coseismic submergence. The latter trees are either
rooted on upland glacial tills adjoining marsh
marsh surfaces sufficiently far inland to mininlze brackish water intrusion.

surfaces, or are rooted on

Cores from these trees should document the ring 
to submergence.
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Laboratory studies

All wood samples were air dried. Cores were mounted in wooden holders. 
Most samples are still being sanded. However, we have made preliminary 
examinations of the ring patterns of the living control trees, and of a few 
samples from the submerged spruce.

Provisional interpretations

While we have not yet examined enough samples to make definitive 
statements, we provisionally conclude the following:

(a) Ring patterns in local living Sitka spruce are probably sufficiently 
strong to date the rings of the submerged dead trees. Diagnostic narrow 
rings, typically the most useful ring anomalies, are listed in Appendix 2.

(b) The outermost ring is anatomically complete in all sampled submerged Sitka 
spruce. Thus, trees probably died within a few months of the March earthquake 
before the start of the 1964 growing season (probably June-September). 
Subsided Sitka spruce therefore accurately record the seasonal timing of 
earthquake-induced subsidence. By analogy, we would therefore expect 
paleoseismically-subsided trees on the Washington, Oregon, and possibly 
northern Califronia coasts to have similarly recorded synchronous tree deaths 
accurate to the year and season.

(c) Rings in living trees near the leading edges of surviving forests recorded 
the 1964 earthquake as series of narrow rings. However, because the onset of 
the post-earthquake narrow rings is gradual, it would be difficult to date the 
earthquake from the ring patterns of surviving spruce alone. Thus, it seems 
unlikely that the ring patterns of spruce surviving paleoseismic submergence 
along the Washington, Oregon, or northern California coasts will yield 
convincing evidence for or against coseismic submergence there.

Publications

Atwater, B.F., Stuiver, M., Yamaguchi, D.K. 1991. Radiocarbon test of
earthquake magnitude at the Cascadia subduction zone. Nature 353:156-158.

Yamaguchi, D.K., Atwater, B.F. 1991. Tree-ring record of the 1964 great
Alaska earthquuake: implications for Cascadia paleoearthquake studies 
(abs). Eos 72:313.

Appendix 1. Study site locations. Girdwood beach (most saline site); Portage 
Creek, Twentymile Creek (most freshwater site).

Appendix 2. Years of pre-1964 narrow marker rings in modern Sitka spruce 
growing near Girdwood, Alaska.

1783, 1793, 1809, 1814, 1837, 1856, 1862, 1876, 1889, 1894, 1922, 1927, 1937 

(Nov. 18, 1991)
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